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2. ABSTRACT 

We propose t o  measure  the  spectra  and composition  of  magnetospheric, 
i n t e r p 1 a n e t a r y ; a n d   i n t e r s t e l l a r   e n e r g e t i c   p a r t i c l e   f l u x e s .  The a n g u l a r   d i s t r i -  
but ions and abso lu te   i n t ens i t i e s   o f   t he   magne tosphe r i c   f l uxes   i n  a number of 
energy   in te rva ls  w i l l  be  measured  for  electrons (Ee ? 0,070 MeV), protons 

> 0.080 MeV), helium  ions (E, > 0.24 MeV/nucleon) , and medium-Z ions  
> 0.3 MeV/nucleon) . The instrument is  designed  to  measure  the  range of 

i nTens i t i e s  from t h a t  of very weak magnetospheres up t o  and  beyond t h a t  as- 
soc ia t ed   w i th   Jup i t e r .  The measurements w i l l  be  used  to  study  magnetospheric 
processes a t  Uranus  and J u p i t e r ,  and to   determine  the  or ientat ion,   approxi-  
mate magnitude,and  rotational  period of the  Uranian  dipole moment as def ined 
by the  presence  of   energet ic   charged  par t fc les .  

The energy  spectra  and  elemental  composition of cosmic  ray  nuclei 
wi th  1 5 Z .(: 26 w i l l  be  measured  over  an  energy  range  from ~ 0 . 5  < E 5 500 MeV/ 
nucleon,  and  isotopic  studies of the   f luxes   wi th  1 5 Z 5 1 6  will-be poss ib l e  
from ~2 t o  75 MeV/nucleon. I n   a d d i t i o n ,  cosmic-ray e l ec t rons  (~3-12 MeV) 
w i l l  be   s tudied.   Par t icular   emphasis  w i l l  be   placed on the   s t reaming  pa t te rns  
and s p e c t r a l   d i f f e r e n c e s   t h a t  are expected t o  occur   for   dif ferent   e lements  
a t  low e n e r g i e s   i n   t h e   o u t e r   h e l i o s p h e r e  and i n   i n t e r s t e l l a r   s p a c e  and  which 
cannot  be  observed  inside  of 10  AU. These  studies w i l l  provide  information 
on  possible  nearby  cosmic  ray  sources, on both  recent  and past   nucleosynthesis ,  
on the   hea t ing  and  dynamics  of t h e   i n t e r s t e l l a r  medium, and  on t h e   e n e r g e t i c  
p a r t i c l e   a c c e l e r a t i o n   p r o c e s s e s   o c c u r r i n g   i n   s e v e r a l   d i f f e r e n t   r e g i o n s .  The 
cosmic  rays   a lso  serve as probes  of   the  large-scale   s t ructure   of   the   hel io-  
sphe r i c  plasma  and f i e l d s .   I n   a d d i t i o n ,   t h e  M J U  miss ion   provides   the   bes t  
opportunity  for  reaching  the  cosmic  ray  modulation  boundary  which i s  present ly  
e s t ima ted   t o   be  between 10 and 20 AU. 

The c h a r a c t e r i s t i c s  of the  three  proposed  detector  systems are 
o u t l i n e d   i n   t h e   f o l l o w i n g  summary page. Two of  the  systems are e s s e n t i a l l y  
i d e n t i c a l   t o  similar gystems  on t h e  CRS experiment  on MJS ' 7 7 ,  wh i l e   t he   t h i rd  
system  provides  comprehensive  coverage  of  the more in t ense   t r apped   pa r t i c l e  
f luxes .  The third  system  has  beem implemented s o  t h a t   t h e r e  is no  change 
t o   t h e  CRS e lectr ical  and  mechanical   in terface  to   the  spacecraf t  and so t h a t  
only  minimal  modifications of t h e  CRS e l ec t ron ic s  are necessary.  All t h ree  
sys tems  cons is t   en t i re ly  of s o l i d  state charged-part ic le   detectors ,   which 
provide  the  required  combination of charge and energy  resolut ion  with  high 
s t a b i l i t y  and r e l i a b i l i t y .  

iii 



3. EXPERIMENT  SUMMARY CHART 

MJU 79/COSMIC-RAY AND MAWTOSPHERES  INVESTIGATION 

This   experiment   consis ts   of   three  basic   detector   systems,  a Magnetospheric 
Telescope  Array (MTA), a Low Energy  Telescope  System (LFTS) and a High  Energy 
Telescope  System (HETS). The MTA includes 4 high  count-rate  telescopes  and 3 
omnidi rec t iona l   de tec tors .   For  HETS and LETS mult i -parameter   analysis  i s  per- 
formed  essentia1,ly  over  the  complete  charge  and  energy  range.  Solid-state 
d e t e c t o r s  are used  throughout. 

Charge,  Isotope  and  Energy Range 

Nuclei (2 = 1) 0.08 - 10 M e V  ( s ing le   parameter   ana lys i s )  
(Z = 2)  0.24 - 5.6MeV (single   parameter   analysis)  
(1 5; Z s 3 0 )  0.5 - 500 MeV/nuc (mult i -parameter   analysis)  

E lec t rons  0.070 - > 28 MeV 

Isotopes (Z = 1,2)  - 2 - 70 MeV/nuc (AM = 1) 
(3 s Z 5 8) - 3 - 120 MeV/nuc (AM = 1) 
(9  s Z ~ 1 6 )  - 3 - 120 MeV/nuc (AM = 2) 

Aniso t ropies   (4   d i rec t ions)  

e l e c t r o n s  0.07 - 0.76 MeV 
protons 0.08 - 43 MeV 
alphas  0.24 - 8.4 MeV/nuc 
6 ~ 2 5 2 6  4 . 3  - 18 MeV/nuc 

Flux Dynamic  Range 0 8  - 

Magnetospheres:  See  Figure. Lower 107 - 
limits assume only 300 sec average 
Cosmic  Rays:  10'5t0 >IO4 crn-2-sec-i - w  0'- 

k z g  
Geometrical   Factors ? * 2: lob- 

MTA 0.08 crn2-sr fo r   t e l e sdopes ;  I rs -;io lo4- 

LETS 1 2  cm2-sr (s ingle   parameter)  Z-0'- 
2 cm2-sr  (multi-parameter) p a  

HETS 1.7-3.4 cm2-sr (energy  dependent) 
E 3  IO*- 

-a! 

0.02  cm2/omnidirectional  detector 

? ,,We igh t 7.1 kg (15.6 l b . )  
Power 6.8 W - 
Volume 31.1 cm x 20.3 cm x 17.8 cm high 

e l e c t r o n i c s  box w i t h   d e t e c t o r  
assemblies  extending a maximum of 
15 cm a d d i t i o n a l .  

Kz' - 
HET 

IQ:o' ;oe k io. b i t  Ibp b l b 4 '  b L 
PROTON ENERGY (keV) ELECTRON ENERGY ( k W  

Thermal -25°C t o  +35OC  maximum, -5°C t o  +15"C p re fe r r ed .  

C a l i b r a t i o n   S e l f - c a l i b r a t i n g   i n   f l i g h t .  HETS, LETS and MTA have  overlapping 
energy  ranges.  

Al lowable   Mater ia l   in   F ie ld  of V i e w  

o mg/cm2 f o r  MTA t e l e scopes  
o mg/cm' f o r  IXTS 
1 mg/cm2 f o r  HET (SI) ,  50 mg/cm2 f o r  HET (S2 + P) 

1 
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4 .  SCIENTIFIC  OBJECTIVES 

I. MAGNETOSPHERIC/PLANETARY PHYSICS 

A primary  objective of t h i s  experiment i s  the  search  for  magneto- 
spheric  phenomena a t  Uranus as   def ined  by the  presence  of  energetic  charged 
p a r t i c l e s .  A comprehensive s e t  of  measurements  of  the  energy  spectra  and 
angular   dis t r ibut ions  of   energet ic   e lectrons,   protons,   hel ium  ions and medium 
charge   ions   separa te ly   as  a funct ion  of   posi t ion w i l l  provide a descr ip t ion  
of  the  Uranian  magnetosphere.  These  data w i l l  be used  to:  

* del inea te   sources  and sinks  of  magnetospheric  particles,   energy 
flow  and d i s t r ibu t ion ,   co - ro t a t ion ,   d i f fus ion   p rocesses ,  and 
s a t e l l i t e  sweeping  and i n j e c t i o n   e f f e c t s .  

* determine  the  or ientat ion and  approximate  magnitude  of  the  magnetic 
d ipole  moment of  Uranus  and  thus  the  magnetohydrodynamic  properties 
of t h e   p l a n e t ' s   i n t e r i o r .  

* determine   the   ro ta t iona l   per iod   of   the   in te r ior  of  Uranus  and i t s  
d i f fe rence  from the  rotational  period  of  atmospheric  features 
determined  opt ical ly .  

Another  major  objective i s  the   search   for   energe t ic   par t ic les  
emit ted by Uranus  and fur ther   s tudy  of   those  emit ted by Jup i t e r .  

The Jovian  f lyby w i l l  .permit   fur ther   character izat ion  of   the magneto- 
sphere of J u p i t e r   a t  a d i f f e r e n t  epoch in   the   so la r   cyc le   than   prev ious   miss ions  
and  with  s ignif icant ly  improved instrumentat ion.  

11. GALACTIC  PROCESSES 

Another  primary  objective w i l l  be the  s tudy  of   the  galact ic   processes  
a s soc ia t ed   w i th   t he   ene rge t i c   pa r t i c l e   f l uxes   i n   t he   d i s t an t   he l io sphe re  and 
beyond.  Highly  precise  measurements  of  the  spectra  and  elemental  and  isotopic 
composition  of  energetic  nuclei  as a func t ion  of pos i t i on  and d i r ec t ion  
w i l l  c o n t r i b u t e   i n  a major way to   p rog res s   i n   s tud ie s  of fundamental  astro- 
physical  phenomena, such as 

* the   d i rec t   ident i f ica t ion   of   mat te r   samples  from nearby  pulsar   or  
supernova  cosmic  ray  sources  through  measurements  of  the  streaming 
of i n t e r s t e l l a r  cosmic  rays. 

* the  processes  of  nucleosynthesis  in  cosmic  ray  sources  through 
analysis   of   ident i f iable   samples   of   both  recent  and pas t  
element  building. 

* the   p roper t ies ,   dynamics ,   and   hea t ing   of   the   in te rs te l la r  medium 
a s   r e l a t e d   t o   t h e   l i f e   h i s t o r y   o f  cosmic  rays  in  the  galaxy, 
p a r t i c u l a r l y   a t   e n e r g i e s  below several  hundred MeV, which a r e  
i n a c c e s s i b l e   t o   o b s e r v e r s   a t  1 AU. 

1 



111. INTERPLANETARY  PHENOMENA 

A t h i r d   o b j e c t i v e  i s  the   s tudy   of   the   phys ica l   p rocesses   and   fea tures  
a s soc ia t ed   w i th   t he   ene rge t i c   pa r t i c l e s   i n   t he   he l io sphe re .   Comprehens ive  
measurements  of  the  streaming  and  the  energy,  charge,   and mass spec t ra   o f   the  
p a r t i c l e   f l u x e s  w i l l  be  used i n   s t u d i e s   o f :  

* t h e   e n e r g e t i c   p a r t i c l e   a c c e l e r a t i o n   p r o c e s s e s   o c c u r r i n g   i n  
p l ane ta ry   magne tosphe res ,   i n t e rp l ane ta ry   r eg ions ,   and   i n   so l a r  
f l a r e s .  

* t h e   l a r g e   s c a l e   s t r u c t u r e   a n d   p r o p e r t i e s   o f   t h e   h e l i o s p h e r i c  plasma 
and   f ie lds   as   remote ly   p robed  by t h e   e n e r g e t i c   p a r t i c l e s .  

* . the   effect ive  cosmic  ray  modulat ion  boundary,   present ly   es t imated  to  
l i e  between 10 and 20 AU. 

4.1 EXPERIMENT  RATIONATX 

P r i o r   t o  M J U ,  P i o n e e r ' s  10 and 11 a s   w e l l   a s   t h e  PUS miss ion  w i l l  
h a v e   s t u d i e d   t h e   h e l i o s p h e r e   o u t   t o  10 A.U.. With M J U ,  exp lo ra t ion   o f   t he  
o u t e r   h e l i o s p h e r e  w i l l  beg in .   This   explora t ion  w i l l  include  what  promises 
t o  be a dynamical ly   different   magnetosphere - that   of   Uranus,  a completely 
new reg ime  of   in te rp lane tary  phenomena and   t he   oppor tun i ty   t o   r each  beyond 
the  boundaries   of   the   modulat ion  region  and make d i r e c t   o b s e r v a t i o n s   o f  low 
and medium ene rgy   ga l ac t i c   cosmic   r ays .  

.s 

To t a k e   f u l l   a d v a n t a g e   o f   t h i s  new oppor tun i ty ,  w e  have  given  care-  
ful c o n s i d e r a t i o n   t o   e s t a b l i s h i n g  a comprehensive,  balanced  complement  of 
detector   systems  capable   of   def ining  the  magnetosphere  of   Uranus,   gaining new 
r e s u l t s   a t   J u p i t e r   a n d   p o s s e s s i n g   t h e   c h a r g e ,  mass and   ene rgy   r e so lu t ion   t o  
s t u d y   t h e   i n t e r s t e l l a r   c o v i c   r a y   p o p u l a t i o n   a n d  new i n t e r p l a n e t a r y  phenomena. 
Our s t a r t i n g   p o i n t  was  based a n   t h e   f o l l o w i n g   c o n s i d e r a t i o n s   ( a )  The ex tens ive  
experience  of   the Iowa group  in   s tudying   the   ear th ' s   magnetosphere   (b)  The 
v e r y   s u c c e s s f u l   e f f o r t s   o f   t h e  Iowa and GSFC/New Hampshire  groups i n   e x p l o r i n g  
the  Jovian  magnetosphere,   and  (c) The experience  of a l l  groups i n  cosmic-ray 
s t u d i e s   w i t h   s p e c i a l   e m p h a s i s  on our  MJS cosmic  ray  experiment.  We considered 
t h e   r e c e n t ' a d v a n c e s   i n   o u r  knowledge  of  planetary  magnetospheres  and  in  cosmic- 

With a l l   t h e s e   f a c t o r s ,  i t  was decided  that   major  emphasis  should  be  placed  on 
studying  the  Uranian  magnetosphere  and  on  extending  the  charge  measurements  to 
lower   energ ies  as a d i a g n o s t i c   f o r   b o t h   p l a n e t a r y   a n d   i n t e r p l a n e t a r y  phenomena. 
For   cosmic  ray  s tudies ,   extended  charge  and  energy  coverage  are  v i t a l  and  these 
have  been  re ta ined  f rom  the MJS exper iment .   Cos t   and   weight   cons t ra in ts   forced  
the  removal  of 1 HET and   the  TET e lec t ron   exper iment   f rom  the  MJS complement. 
For   the medium energy  cosmic  ray  nuclear  component t h i s  i s  a r e d u c t i o n   i n  
redundancy.  For  cosmic-ray  electrons we  have  decided  to   place  special   emphasis  
on the 3 - 12 MeV energy   range   as  we d i s c u s s   i n   t h e   f o l l o w i n g   s e c t i o n .  

! r a y  phenomena. A major   inf luence was t h e   f a c t   t h a t  M J U  i s  a low c o s t  program. 

The resu l tan t   sys tem  which  we propose  consis ts   of  a magnetospheric 
t e l e s c o p e   a r r a y  (MTA), a low energy  te lescope  system (LETS),  and a high  energy 
te lescope   sys tem (HETS). S o l i d ' s t a t e   d e t e c t o r s   a r e   u s e d   t h r o u g h o u t .  The over- 
a l l  cohesiveness   and  broad  dynamic  ranges  in   energy,   intensi ty   and  charge  for   our  

2 



expe r imen t   a r e   i l l u s t r a t ed   i n  
Figure 4-1 and 4-2. Figure 4-1 
shows the  large  range  in  energy and 
in t ens i ty   ove r  which we can  observe 
magnetospheric  electrons  and  pro- 
tons. The  maximum expected  Jovian 
e l e c t r o n  and  proton  intensi t ies  
and an  estimate  of  the maximum 
e l e c t r o n   i n t e n s i t y   a t  Uranus  (see 
Appendix A l )  a r e   a l s o  shown i n  
Figure 4-1. We see  that   the   pro-  
posed maximum dynamic  range i s  more 
than  adequate. The  minimum measur- 
a b l e   i n t e n s i t i e s   i n   F i g u r e  4-1 
assume an   i n t eg ra t ion  time o f  300 
seconds,  during  which  time  the  space- 
c r a f t  w i l l  t r ave r se  i 0.2 RU, and 
e i t h e r  10 observable  counts  or a 
count ing  ra te  2 0 above the  inherent 
cosmic r ay  and RTG produced  back- 
ground . 

The use of mul t ip l e   t e l e -  
scopes  allows  the  optimization  of  the 
charge  and  energy  response  and  back- 
ground r e j ec t ion   ove r  a given  energy 
i n t e r v a l  and  provides  the  redundancy 

-JUPITER (6.5 R J) - 

PROTON ENERGY (LOW ELECTRON  ENERGY (keV) 

Figure 4-1 

t h a t  i s  vi ta l   for   an  extended  mission.   Figure 4-2 shows the  overlapping 
responses of. the HETS and LETS (= LET + ELET). The dashed l ine   in   the   upper  
part   of  Figure 4-2 i s  the  lower  boundary  of  the HET penetrat ing mode, described i n  
Section 7 . ,  111. Isotope  measurements w i l l  be made below t h i s   l i n e .  The arrow 
a t  the  top  of  Figure 4-2 i n d i c a t e s   t h a t   i n t e g r a l  measurements w i l l  be made above 
500 MeV/nucleon. 
10: 

IO' 

)r 

- 3 10 
B 

I 

I 

LET ELET 

I I I I I I 

The magnetospheric  telescope  array (MTA) 
consis ts   of   four   ident ical   te lescopes and three 
omni-direct ional   intensi ty   monitors   contained  in  
sphe r i ca l   sh i e lds  of  different   thicknesses .   This  
system w i l l  measure  the i n t e n s i t i e s ,   s p e c t r a  and 
an iso t ropies   p r imar i ly  of e lectrons,   protons,  and 
a lpha   pa r t i c l e s .  The four  telescopes  provide 
redundancy  and  large  geometrical  factors, however 
the  primary  purpose  of  having  four i s  t o  make 
anisotropy  measurements. We demonstrate i n  
Appendix A 6  that  adequate  anisotropy  measurements 
can  be made with  this   approach.  Thus we avoid  the 
r i sk   assoc ia ted   wi th  a mechanical  rotation  device.  
We ladopt the same philosophy  for  the LET a r r a y  
(cf.  Appendix A 5 ) .  

The proposed  experiment w i l l  place 
particular  emphasis on low energy  interplanetary 
phenomena and the  low-energy g a l a c t i c   n u c l e i   t h a t  

,2 ,6 2o 24 28 can  be  observed  outside  or  near  to  the  boundary  of 
CHARGE IZ) the  heliosphere.   Multi-parameter  analysis w i l l  be 

Figure 4-2 extended down t o  G 0 . 5  MeV/nucleon for   protons and 
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h e a v i e r   n u c l e i  up t o   i r o n   ( c f .   F i g u r e  4 - 2 ) .  The c o r n e r s t o n e   f o r   t h e s e   s t u d i e s  
i s  t h e  low energy  te lescope  system (LETS) c o n s i s t i n g   o f  a s e t   o f   f o u r   i d e n t i c a l ,  
mutual ly   or thogonal   low-energy  te lescopes (LETS) and two extended low energy 
t e l e scopes  (ELETs).  The  method for   measur ing   an iso t ropies  i s  d i s c u s s e d   i n  
Appendix A 5 .  The  two ELET t e l e s c o p e s   a r e   s m a l l e r   v e r s i o n s   o f   t h e  LET t e l e -  
s c o p e s ,   u t i l i z i n g  6p t h i c k  dE/dx coun te r s   (ve r sus  35p f o r   t h e  LETS). 
Together   the  LET and ELET t e l e scopes   p rov ide  low background,  high  reso- 
l u t i o n   c h a r g e  and i s o t o p e   d a t a   w i t h  a h i g h   s e n s i t i v i t y  and s t a t i s t i c a l  accu- 
racy  over  a broad  range  of  charge and energy  as  shown i n   F i g u r e  4-2. The 
LET and ELET t e l e s c o p e s  w i l l  a l s o   b e   u s e f u l   f o r   h i g h - s e n s i t i v i t y   s t u d i e s  
of weak magne tosphe r i c   pa r t i c l e s .  

The proposed  high  energy  te lescope (HET) uses   curved  dE/dx  sol id  
s t a t e   t e l e s c o p e   e l e m e n t s   i n  a special ,   double   ended  " thick-thin"   arrangement .  
With t h i s   t e l e s c o p e  i t  w i l l  b e   p o s s i b l e   t o   a c h i e v e   c h a r g e   r e s o l u t i o n  up t o  a 
Z 3 30, a n d   i s o t o p e   r e s o l u t i o n  up t o  Z - 8 ( f o r  AM=2, i s o t o p e   r e s o l u t i o n  up 
t o  Z w 16). A t  t h e  same t i m e  t he   i n s t rumen t  w i l l  p r o v i d e   a c c u r a t e   s p e c t r a  
from - 4 MeV/nuc up t o  -500 MeV/nuc and  above  for a d i rec t   compar ison   wi th  
the   comprehens ive   da ta   ava i lab le   near   the   ear th .  The HET t e l e scope   has  a 
geomet r i ca l   f ac to r  -2 t i m e s   l a r g e r   t h a n   t y p i c a l   e a r t h   s a t e l l i t e   s y s t e m s   u s e d  
i n   t h e   p a s t  (-20 times l a r g e r   t h a n   t h e   t e l e s c o p e s  now on  Pioneer 10 and 11). 
T h i s   l a r g e   g e o m e t r i c a l   f a c t o r  i s  of v i t a l   i m p o r t a n c e   i n  many areas ;   for   example ,  
we expec t   t o   obse rve  -5,000 Be o r  Fe n u c l e i   i n  one   yea r .   D i f f e rences   i n  
chemica l   composi t ion   o f   spec t ra   o f   even   the  less abundant  nuclei   such as K 
and N i  w i l l  b e - e a s i l y   s t u d i e d   i n   t h e   p r o p o s e d   e x p e r i m e n t ,   w h e r e a s   t h i s   h a s   n o t  
been   poss ib le   on  any of   t he   p rev ious  IMP, OGO or   P ioneer   sys tems.  The HET 
t e l e scope  w i l l  a l so   measu re   t he   e l ec t ron   f l ux  up t o  -12 MeV w i t h  a high 
s t a t i s t i c a l   a c c u r a c y  and  temporal   resolut ion.  We demons t r a t e   i n  Appendix A12 
o u r   a b i l i t y   t o  make these  measurements i n   t h e   p r e s e n c e   o f  RTG background. 

> '  

5. SPECIFIC RESULTS TO BE' EXPECTED 

I. MAGNETOSPHERIC PHENOMENA 

The b a s i c   o b s e r v a t i o n a l   r e s u l t s   a l o n g   t h e   r e s p e c t i v e   e n c o u n t e r  tra- 
j e c t o r i e s  a t  J u p i t e r  and  Uranus w i l l  be   essent ia l ly   cont inuous  measurements  

? ( t i m e   r e s o l u t i o n  6 sec )  of t h e   a n g u l a r   d i s t r i b u t i o n s   a n d   a b s o l u t e   i n t e n s i t i e s  
of e n e r g e t i c   c h a r g e d   p a r t i c l e s   o v e r  a broad  range  of   energy  and  intensi ty .  
Analysis  of t h e s e   d a t a  w i l l  y i e l d   i m p o r t a n t   r e s u l t s   i n   m a g n e t o s p h e r i c   p h y s i c s  
and p lane to logy ,  as sketched  below. 

1 

A. Uranian  Magnetosphere 

E x i s t i n g  knowledge  of  Uranus  permits a wide  spectrum of poss i -  
b i l i t i e s  on t h e   n a t u r e   o f  i t s  magnetosphere as d i scussed   i n  Appendix A l .  These 
p o s s i b i l i t i e s   r a n g e   f r o m  a V e n u s - l i k e   s i t u a t i o n   t o  a ful ly-developed magneto- 
s p h e r e   o f   e x o t i c   t o p o l o g y ,   p o s s i b l y   c o n t a i n i n g   p a r t i c l e   i n t e n s i t i e s   i n t e r -  
mediate  between  those a t  t h e   e a r t h  and a t  J u p i t e r .  Thus,   the   mission w i l l  
be   able   to   answer some fundamental   questions  concerning  Uranus.  The prime 
ques t ion  is whether  or  not  Uranus is a magnetized  body.  With 1.1 9 as t h e  
rad ius   o f   c loses t   approach ,   the   magnet ic  moment of t h e  p l a n e t  must e less 
than 4/1000 of t h a t  of t h e   e a r t h   a n d / o r   t h e   i n t e n s i t y  of e n e r g e t i c   p a r t i c l e s  
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nea r   pe r i aps i s  must be  less than 0.002 (cm sec   s t e r ad )   i n   o rde r   t ha t  no 
effect   be   observed  with  the  proposed  instrument .  Both  of these   va lues  are 
f a r  below reasonable   expect   a t   ions .  

2 -1 

I f  a Uranian  magnetosphere  does  indeed  exist,  our  measured 
angu la r   d i s t r ibu t ions  w i l l  determine  the  direct ion oE the  local   magnet ic  
vec tor  (+B) on a point-by-point   basis   for   cer ta in   s imple  types of angular 
d i s t r ibu t ions ,   w i thou t   r e f e rence   t o  magnetometer  data.  This method assu2es 
tha t   t he   ax i s   o f  symmetry  of t h e   p a r t i c l e   d i s t r i k u t i o n  is i d e n t i c a l   t o  +B and 
tha t   t he   p l ane  of symmetry i s  pe rpend icu la r   t o  +B. I f  magnetometer  data  are 
avai lable ,   the   parameters  of more  complex angular   d i s t r ibu t ions   can   be   de te r -  
mined. The paramet r ic   t r ia l -and-er ror   c losure  of inbound  and  outbound omni- 
direct ional   intensi ty   curves   in   the  inner   magnetosphere of Jupi ter   has   been 
demonstrated  by  the Iowa  group t o   b e  a notab ly   successfu l  method for  determin- 
ing   t he   o r i en ta t ion  of t h e   d i p o l e  moment of t he   p l ane t ,   u s ing   pa r t i c l e   da t a  
only.  This method is  a p p l i c a b l e   t o  Uranus. The ro t a t iona l   pe r iod  of t h e  
i n t e r i o r  of  Uranus is presently  estimated  to  be  only  about a f a c t o r  of 2.  It 
can  be  determined  from  the  cyclic  modulation of p a r t i c l e   i n t e n s i t i e s   t o   a n  
estimated  accuracy  of +5%. The magnitude  of  the  magnetic moment can  be 
estimated t o   w i t h i n  a f a c t o r  of about 2 us ing   pa r t i c l e   da t a   on ly .  All of 
the  above quan t i t i e s   a r e   fundamen ta l   t o  knowledge of t h e   i n t e r n a l  magneto- 
hydrodynamics of t he   p l ane t  as well as to   t he   unde r s t and ing  of i t s  magneto- 
sphere. 

Analysis of t he   angu la r   d i s t r ibu t ions  and energy  spectra of 
protons w i l l  d e f i n e   t h e   r a d i a l   e x t e n t  of coro ta t ion  and thus  def ine  which  par t  
of the  magnetosphere i s  dominated  by  corotation and  which i s  not .  Both t h e  
proton and e l ec t ron   angu la r   d i s t r ibu t ions  w i l l  be  used to   determine  those 
regions  where  outward  st-reaming of f i e l d   a l i g n e d   p a r t i c l e s  (which has  been 
con jec tu red   fo r   t he  case of J u p i t e r   t o  b e  the   source  of e n e r g e t i c   p a r t i c l e s  
in   the  outer   magnetosphere)  is  dominant  over  convection,  another  important 
element i n  magnetospheric  dynamics. 

The p r inc ipa l   sou rce  of  energy to   dr ive  magnetospheric   processes  
a t  Uranus w i l l  probably  be its rotat ing  ionosphere  ra ther   than  the  solar   wind,  

t ion   f rom  the  case of t h e   e a r t h  where t h e   s o l a r  wind is  t h e  dominant  source 
and  from the   i n t e rmed ia t e  case of J u p i t e r .  Our angu la r   d i s t r ibu t ions  and 
broad  energy-spectral  coverage w i l l  p rovide   phase   space   dens i t ies   for  elec- 
trons,  protons,  helium  ions,  and medium-Z ions as a funct ion  of   posi t ion.  
These  data  in  conjunction  with  data on p a r t i c l e  sweeping  by the   i nne r  satel- 
lites of  Uranus w i l l  give a def in i t ive   de te rmina t ion  of rad ia l   d i f fus ion   pro-  
cesses i n  a r o t a t i o n a l l y  dominated  magnetosphere. The radial  dependence 
as well as the  energy,  charge,  and  mass dependence  of the   d i f fus ion   process  
w i l l  be  determined. The dominant  source and l o s s  mechanisms w i l l  a l so   be  
del ineated.  

? which w i l l  be   very weak a t  19  AU. This is  qu i t e  a d i f f e ren t   phys i ca l   s i t ua -  

The magnetosphere  of  Uranus is expected  to  be  one of d i s t i nc -  
t i ve ly   d i f f e ren t   phys i ca l   cha rac t e r   t han   t hose  of t h e   e a r t h  and J u p i t e r  be- 
cause of the  unique  or ientat ion of i t s  r o t a t i o n a l  (and probably i t s  magnetic) 
axis approximately  along  the  planet-sun  l ine and  because of t h e  much reduced 
dynamic p res su re   o f   t he   so l a r  wind a t  19 AU (Appendix Al).  
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B. Jovian  Magnetosphere 

The obse rva t ions  a t  J u p i t e r   w i t h  a radius   of   c losest   approach  of  
5.8 R w i l l  b e   g e n e r a l l y   r e p e t i t i v e  of t h o s e  made previous ly   by   P ioneers  
10  and 11 and  by  two  Mariner-Jupiter-Saturn  fly-bys  but w i l l  p rov ide   da t a  a t  
a d i f f e r e n t   e p o c h   i n   t h e   s o l a r   a c t i v i t y   c y c l e   a n d  a t  a d i f f e r e n t   s p e c i f i c  
so l a r   w ind   s i t ua t ion   t han   t hose   o f   p rev ious   mi s s ions .  Hence  they w i l l  b e  
of   value on these   g rounds   a lone .  

A l so ,   t he  MTA instruments   design  takes   advantage of ou r   expe r i -  
ence  with traversals of   the   Jovian   magnetosphere   by   P ioneers   10  and 11. Our 
large-dynamic-range MTA h a s   a d v a n c e d   c a p a b i l i t i e s   f o r   c l e a n   p a r t i c l e   i d e n t i -  
f i c a t i o n ,   a c c u r a t e   e n e r g y   s p e c t r a ,  and   th ree-d imens iona l   angular   d i s t r ibu t ions  
under   the  now-known condi t ions  of   the   Jovian  encounter .   Hence,  w e  expect  
t h a t  MJU obse rva t ions  a t  J u p i t e r  w i l l  c o n t r i b u t e   s i g n i f i c a n t l y   t o  a b e t t e r  
d e f i n i t i o n  of r a d i a l   d i f f u s i o n   p r o c e s s e s  as a f u n c t i o n   o f   r a d i a l   d i s t a n c e ,  
p a r t i c l e   e n e r g y ,  mass and  charge;  of  sources  and  losses;  and  of p a r t i c l e  
s t reaming  and   coro ta t ion .  

I1 GALACTIC PHENOMENA 

S i n c e   t h e  MJU mission i s  des igned   t o   r each  a t  least  20 AU (even if 
one   ignores   the   ex tended-miss ion   phase) ,   one   can   hopefu l ly   expec t   to  make i n  
s i t u   s t u d i e s  of s c i e n t i f i c a l l y   s i g n i f i c a n t   g a l a c t i c  phenomena. A t  p r e s e n t   t h e  
observa t iona l   ev idence   b .ear ing  on t h e   q u e s t i o n   o f   r e a c h i n g   i n t e r s t e l l a r   s p a c e  
ind ica tes   tha t   the   e f fec t ive   cosmic- ray   modula t ion   boundary   p robably  l ies  
between  10  and 20 AU. 

A. Measurements of,, Cosmic-Ray Nuclei  
1 

Low-energy g a l a c t i c   p a r t i c l e s  are probably  prevented  from  reach- 
ing   the   ear th   because   o f   in te rp lane tary   energy   loss .   Therefore ,   measurements  
on MJU may p r o v i d e   t h e   f i r s t   d e t e r m i n a t i o n   o f   t h e   t o t a l   i n t e r s t e l l a r  cosmic- 
ray  energy  densi ty   which is a b a s i c   q u a n t i t y   o f   i m p o r t a n c e   i n   g a l a c t i c  dy- 
namics  and i n   t h e   u n d e r s t a n d i n g   o f   t h e   e v o l u t i o n   a n d   s t a b i l i t y   o f   t h e   g a l a c t i c  

.f d i s k   s t r u c t u r e .  

The  proposed  detailed  measurements of the  spectrum  and  abundance 
of t h e   i n d i v i d u a l   c o s m i c - r a y   n u c l e i   a l l o w   t h e   s t u d y  of  two p a r t i c u l a r l y  im- 
p o r t a n t   p r o b l e m s   r e l a t i n g   t o   t h e   o r i g i n   o f   c o s m i c   r a y s .  One is a determina- 
t ion   o f   the   in jec t ion   spec t rum  and   source   abundance   of   the   nuc le i ,   the   o ther  i s  
an   unders tanding   of   the   p ropagat ion   of   the   cosmic   ray   nuc le i   in   the   ga laxy .  
We s h a l l  now g i v e  some examples  of  specific  measurements  and  what  they  can 
t e l l  us   about   these   as t rophys ica l   p roblems.  

1. Measurements   of   the   spectra   and  abundances  of   generical ly-  
re la ted   p r imary   and   "secondary"   g roups   o f   nuc le i :  One such  group  of   nuclei  
is t h e   s o - c a l l e d   " q u a r t e t  , I '  1 H ,  2H, 3He, 4He. The secondary   nuc le i  2H and 3He 
are produced  a lmost   ent i re ly   f rom 4He, a n d   t h e i r   p r o d u c t i o n   c r o s s   s e c t i o n s  are 
well known. S i m i l a r l y ,   L i ,  Be  and B are pr imar i ly   p roducts   o f   p r imary  C and 0, 
and   nuc le i   i n   t he   cha rge   r ange  2 = 17-25 are fragmentat ion  products   of   pr imary 
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Fe nucle i .  The i n t e r s t e l l a r   s p e c t r a  of t h e s e   n u c l e i ,  which contain  important 
information on the   i n t e r s t e l l a r   p ropaga t ion ,   canno t   be  measured a t  energies  
%lo0 MeV/nucleon a t  1 AU. 

Consider  the low energy He spectrum as shown in   F igure  5-1. 
The o r ig in   o f   t he   f l a t   po r t ion  of t h e  H e  spec- 
trum  between 5 and 100 MeV is e s s e n t i a l l y  un- 
known. This   f la t   spec t rum  could   be   re la ted  
t o   t h e  anomalous N and 0 spec t ra   d i scussed  
la te r ,  o r  i t  could  have  an  entirely  different 
o r i g i n .   I n   e i t h e r  case, i t  i s  c r u c i a l   f o r  
the   in te rpre ta t ion   o f   th i s   behavior   to   s imul -  
taneously  measure  the 2H and 3He components 
down to   the   very   lowes t   energ ies .  

PUIET-TIME 

A p a r t i c u l a r l y   i n t e r e s t i n g  
s e t  of n u c l e i   t o   s t u d y  are the   e l ec t ron  cap- 
ture   i so topes   such  as 7Be. A study of these  
i so topes  a t  low energies ,   where  the  e lectron 
capture  cross  section  changes  rapidly  with 
energy, may g ive   def in i t ive   in format ion  on t h e  
material d e n s i t i e s   i n   r e g i o n s  where t h e  cosmic 
rays are accelerated  or   propagate .  

2.  Measurements of t h e  low- 
energy  part  of t h e   s p e c t r a  of a l l  nuc le i :  A t  
low e n e r g i e s   t h e   e f f e c t s  of ionizat ion  energy 
loss on d i f f e r e n t   c h a r g e s   i n   i n t e r s t e l l a r  
space  should  be  an  important  signature of 
cosmic-ray  propagation arxd source   d i s t r ibu t ion .  10' I I 1 , 1 1 1 1  I '1 ~ 1 1 ~ ~ 1 1  I I ' 1 * ' '  

For  example, the  range of a 1 MeV pro ton   in  0.1 I 10 IOZ 

t yp ica l   ga l ac t i c   magne t i c   f i e lds  is  Q200 PC 
with a l i f e t i m e  of %lo4 years.  Because of 
t h e  Z2/B2 e f f ec t   t h i s   i on iza t ion   ene rgy  l o s s  
w i l l  result  in  charge  dependent  compositional  changes a t  low energies,  which 
a r e   i n d i c a t i v e  of loca l ized   propagat ion   e f fec ts ,  and poss ib ly   the   ex is tence   o f  
separa te  and loca l i zed  cosmic  ray  sources. A comparison of chemical  abundances 
a t  low and  high  energies w i l l  t he re fo re   be   c ruc ia l   t o   t he   s epa ra t ion  of fea- 
t u r e s   r e l a t e d   t o   t h e  cosmic-ray i n j e c t i o n  and to   t he   subsequen t   pa r t i c l e  
propagation  in  the  galaxy. An example of t h i s  is  the   recent ly   d i scovered  
anomalous  (enhanced)  abundances of N ,  0 and Ne below $40 MeV/nucleon (see  
Figure 5-1 and  Appendix A3). 

! 

MeV/ NUC 

FIGURE 5-1 

The s p e c i f i c   d e t a i l s  of t h e  low-energy s p e c t r a ,   p a r t i c u l a r l y  
for   the  heavier   nuclei ,   are   important   f rom  the  point  of view  of t h e   r o l e  of 
cosmic  rays i n   t h e  dynamics o f  the  galaxy.  Because  of  the Z2 e f f e c t  , determin- 
a t ion  of t he   ro l e   o f  cosmic  rays i n   t h e   h e a t i n g   o f   t h e   i n t e r s t e l l a r  medium 
by ion iza t ion  loss, and i n   g a l a c t i c  X- o r  y-ray  production,  requires  the  study 
of   the   spec t ra  of a l l   t h e   n u c l e i  a t  the  lowest   energies .  

3. Study  of   the  par t ic le   f low  pat terns   (anisotropies)  of protons,  
helium, and heavier   nuc le i :  We be l i eve   t ha t  a s tudy of t he   an i so t rop ie s   o f  
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galact ic   cosmic  rays   below Q100 MeV/nucleon  and down t o   t h e   l o w e s t   p o s s i b l e  
ene rg ie s  w i l l  b e   e s p e c i a l l y   f r u i t f u l .   A l t h o u g h   t h e   a n i s o t r o p y   o b s e r v e d  
n e a r   e a r t h  a t  ve ry   h igh   ene rg ie s  (?,lo0 BeV) i s  c e r t a i n l y  small, any a t t e m p t  
t o  estimate t h e   a n i s o t r o p y  of t h e   b u l k  of the  cosmic  rays (1 BeV and  below) a t  
p re sen t  is s h e e r   s p e c u l a t i o n .  The  magnitude of the   an iso t ropy   might   vary   wide ly  
with  energy  depending upon t h e   d i s t r i b u t i o n  of  cosmic-ray  sources i n   t h e   g a l a x y  
(see Appendix A4) . 

A b a s i c   p o i n t  i s  t h a t   a n i s o t r o p y  and  composi t ion  s tudies  
provide  complementary  information on the   l oca l   cosmic - ray   sou rce   d i s t r ibu t ion  
and loca l   p ropagat ion   parameters   in   the   ga laxy .  A s tudy  of t h e   a n i s o t r o p y  of 
low-energy  cosmic  rays may a l s o   b e   e s s e n t i a l   t o   d e t e r m i n e   t h e   o r i g i n   o f   t h e  
p a r t i c l e s   t h a t  are observed. 

E. E l e c t r o n s  

The ex i s t ence   o f  several s e p a r a t e   p o p u l a t i o n s   o f   e l e c t r o n s  
a t  low e n e r g i e s  i s  c lear ly   ev ident   ( see   Appendix  A2) i n   c o n t r a s t  
t o   t h e   s i t u a t i o n  a t  h i g h e r   e n e r g i e s  (>lo0 MeV) where   t hese   pa r t i c l e s  are 
c l e a r l y   g a l a c t i c .  A s  a r e s u l t  of t h i s  complex s i t u a t i o n ,   t h e   g a l a c t i c  com- 
ponent is unknown at  lower e n e r g i e s .   E x t r a p o l a t i o n   t o   i n t e r s t e l l a r   s p a c e  i s  
no t   poss ib l e   because   r ad io   emis s ion   f rom  synchro t ron   r ad ia t ing   e l ec t rons  
below Q100 MeV i s  not   observable .  The d i r e c t  measurement  of t h e   g a l a c t i c  
i n t e n s i t y  o f   t h e s e   e l e c t r o n s  w i l l  thus   be   impor tan t   f rom  severa l   po in ts  of 
view. Since  the  expected  secondary  spectrum of  knock-on e l e c t r o n s  i s  q u i t e  
well de f ined ,  a measurement  of  the  actual low e n e r g y   e l e c t r o n   f l u x  may b e  
used as a d i r e c t  test  of   current   propagat ion  ideas .   Conversely,   d i f ferences 
of   the  predicted  and  measured  e lectron  spectrum may b e   i n d i c a t i v e   o f   o t h e r  
s o u r c e s   o f   e l e c t r o n s ,   o f   t h . e   c h a r a c t e r i s t i c s  of t h e   o r i g i n  of a low  energy 
pr imary   component ,   o r   o f   spa t i , a l   non-uni formi t ies   in   the   in te rs te l la r   e lec t ron  
o r  proton  populat ion.  

111. INTERPLANETARY  PHENOMENA 

It is clear t h a t   e n e r g e t i c   p a r t i c l e   a c c e l e r a t i o n   p r o c e s s e s  are 
I widespread  and are now observed  in   a lmost  a l l  k inds   o f   p lasma  condi t ions   in  

' the   solar   environment   and  throughout   the  universe .  One of t h e  most  impressive 
r e s u l t s   f r o m p i o n e e r s  10 and 11 and o t h e r   i n t e r p l a n e t a r y   s p a c e c r a f t   c o n c e r n s  
t h e  complex popu la t ions   o f   ene rge t i c   pa r t i c l e s   t ha t   co -ex i s t   i n   t he   i n t e r -  
p l a n e t a r y  medium. Co- ro ta t ing   so l a r  streams (mainly  protons) are very  pro- 
minent  and may b e  augmented  by i n t e r p l a n e t a r y   a c c e l e r a t i o n .   e f f e c t s .   T h e s e  
p a r t i c l e s   c o - e x i s t   w i t h  streams of  e l e c t r o n s  from J u p i t e r  which are sp read  
th roughou t   t he   so l a r   sys t em.   C lose r  t o  t h . e   p l ane t s   ( e .g . ,   Ea r th  and  Mercury) 
l o c a l l y - a c c e l e r a t e d   p r o t o n s  and e l e c t r o n s  are observed.  Outside  of  the  di-  
r e c t l y   a c c e l e r a t e d   s o l a r   p o p u l a t i o n ,  we have  no  information on the   cha rge  
composi t ion  of   the  var ious  populat ions  nor   do we unders tand   ye t  how t h e   p a r t i -  
c l e s  are d i s t r i b u t e d   t h r o u g h o u t   t h e   s o l a r   s y s t e m .  

A. S o l a r   E n e r g e t i c   P a r t i c l e s  
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beyond Q5 AU because  of   energy  loss   effects  and simple s p a t i a l  expansion. 
Observations on Pioneers  10 and 11 show s i g n i f i c a n t   s o l a r   p a r t i c l e   f l u x e s   e v e n  
a t  5 AU, however,  sometimes  exceeding  those  observed a t  e a r t h  - p a r t i c u l a r l y  
a t  low energies.  A s tudy  of   the  propert ies  of these  events  beyond Q l O  AU 
w i l l  give  important  information on the  dynamic p rope r t i e s  of the   ou ter   he l io-  
sphere - p a r t i c u l a r l y   i n t e r p l a n e t a r y   a c c e l e r a t i o n  and dece le ra t ion   e f f ec t s  
a t  low energies.  The d i f f u s i v e  and convec t ive   p roper t ies   (e .g . ,   rad ia l  de- 
pendences) of t h e   i n t e r p l a n e t a r y  medium w i l l  be  mapped using  the  solar   ener-  
g e t i c   p a r t i c l e s  as probes. The i n j e c t i o n  of low e n e r g y   s o l a r   p a r t i c l e s   i n t o  
t h e   i n t e r s t e l l a r  medium may t y p i f y  an  important s t e l l a r  phenomenon and w i l l  
be   measu red   fo r   t he   f i r s t  time on t h e  M J U  spacecraf t .  

B.  P lane tary   Energe t ic   Par t ic les  

The l a r g e   t r a n s i e n t   i n c r e a s e s  of MeV e lec t rons   f rom  Jupi te r  
are the  most prominent  feature of p l ane ta ry   ene rge t i c   pa r t i c l e s   obse rved   i n  
in te rp lane tary   space .  The manner i n  which these   pa r t i c l e s   e scape  from J u p i t e r ' s  
magnetosphere  and  propagate  throughout  the  solar  system is  unknown at  present .  
Detailed  studies  of  the  energy  spectrum, time v a r i a t i o n s  and an i so t rop ie s  of 
t hese   e l ec t rons  up t o  ~ 1 0  MeV are needed t o  answer th i s   ques t ion .  

It i s  q u i t e   p o s s i b l e   t h a t   t h e   b u l k  of t h e  low energy  e lectrons 
observed a t  e a r t h  and throughout  the  inner  solar  system arise from  Jupi ter .  
TO prove  this ,   one w i l l  need  measurements  beyond 1 0  AU which w i l l  be  of 
par t icu lar   impor tance   in   separa t ing   these   e lec t rons   f rom  the   t rue   in te rs te l la r  
population. I t"% a l s o   q u i t e   l i k e l y   t h a t   e l e c t r o n s  w i l l  be  observed  from 
Saturn and  Uranus  and a mapping o f   t he i r   i n t ens i ty   nea r   t hese   p l ane t s  w i l l  
provide  valuable  information on t h e   l a r g e - s c a l e   f i e l d   c h a r a c t e r i s t i c s   n e a r  
these   p lane ts .  

Much weaker,  fluxes of MeV protons  have  also  been  observed  from 
J u p i t e r   i n   i n t e r p l a n e t a r y  space. Again, it i s  l i k e l y   t h a t   s u c h   p a r t i c l e s  
w i l l  be  emitted by Saturn and  Uranus. A study  with ELET and LET of t h e  ele- 
mental and isotopic   abundances  of   this   nuclear   populat ion  should  provide  valua-  
b le   in format ion  on t h e   o r i g i n  of these   par t ic les   in   p lane tary   magnetospheres .  

C. In te rp lane tary   Acce lera ted   Energe t ic   Par t ic les  

Recent  observations of t h e   i n t e n s i t y  of low energy  solar  streams 
at  d i f fe ren t   rad ia l   d i s tances   have   revea led   tha t   in te rp lane tary   acce le ra t ion  
of  cosmic  rays may be a fa r  more important phenomena than was o r i g i n a l l y  
believed.  This phenomenoncould be  strongly  radially  dependent  and  might  be 
s i g n i f i c a n t l y  more impor tan t   in   the   ou ter   so la r   sys tem.   These   e f fec ts   have  
been  mainly  observed  for  protons  in  the MeV range and  below. They seem t o  
be  confined  to   local ized  regions  of   space  possibly  re la ted  to   the  magnet ic  
f i e l d  and plasma  parameters  in  these  regions.  The ELET te lescopes w i l l  permit 
ex tended   s tud ie s   o f   t hese   pa r t i c l e s   t o   be  made including  the  presence of any 
heavier   nuc le i .  See Appendix A2 fo r   fu r the r   d i scuss ion .  

D. Low Energy  Quiet T ime  Turn Ups 

The s p e c t r a  of  protons,  helium  nuclei,  carbon and  oxygen  and 
poss ib ly   o ther   heavier   nuc le i  as well are observed t o   t u r n  up a t  very low 
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e n e r g i e s   d u r i n g   q u i e t  times when n o   o b v i o u s   s o l a r   p a r t i c l e s  are p r e s e n t .  
These  turn  ups are very  complex  and  appear to   be   charge   dependent   ( see   F ig .  
5-1). The turn   ups  are very   abrupt   and   the   spec t ra   be low  the   tu rn   ups  are 
v e r y   s t e e p ,   s u g g e s t i n g  a t o t a l l y   d i f f e r e n t   o r i g i n   f o r   t h e s e   p a r t i c l e s .  
It is p o s s i b l e   t h a t   t h e s e   p a r t i c l e s   r e p r e s e n t  a quiet- t ime component  of t h e  
i n t e r p l a n e t a r y   a c c e l e r a t i o n   p r o c e s s   j u s t   d i s c u s s e d   ( e . g . ,  a Fermi   acce le ra t ion  
p rocess   ope ra t ing   i n   i n t e rp l ane ta ry   space ) .   Measu remen t s  of t he   e l emen ta l  
composition down t o  0.5 MeV/nucleon is e s s e n t i a l   t o   a n   u n d e r s t a n d i n g   o f   t h e  
o r i g i n  o f   t h e s e   p a r t i c l e s .  

E. A n i s o t r o p i e s G a l a c t i c _ a n d  So1a.r  Ener- 
getic r_.___...- articles 

The a b i l i t y  of our LET detector   system  to   comprehensively  measure 
a n i s o t r o p i e s   p r o v i d e s  an o p p o r t u n i t y   t o   s t u d y   e n e r g e t i c   p a r t i c l e   t r a n s p o r t  
i n   t h e   s o l a r   w i n d .  A measurement  of t h e   a n i s o t r o p i e s   p r o v i d e s   a n   i n d i c a t i o n  
of t h e  re la t ive impor t ance   o f   pe rpend icu la r   and   pa ra l l e l   d i f fus ion   and  con- 
v e c t i o n  and  can h e l p   d e f i n e   p a r t i c l e   g r a d i e n t s   o u t   o f   t h e   e c l i p t i c   p l a n e .  
Anisotropy  measurements  complement  intensity  and  composition  measurements  in 
t h e   i d e n t i f i c a t i o n  of t h e   v a r i o u s   e n e r g e t i c   p a r t i c l e   p o p u l a t i o n s   a n d   t h e i r  
mode o f   t r anspor t   and   poss ib l e   acce le ra t ion   i n   t he   i n t e rp l ane ta ry  medium. 
A s tudy   o f   t he   f l ow  pa t t e rns   a l so   p rov ides   i n fo rma t ion  on t h e   l a r g e  scale  mag- 
n e t i c   f i e l d   p r o p - e r t i e s   w h i c h  are unob ta inab le  by i n   s i t u   m a g n e t i c   f i e l d  mea- 
surements. 

F. Solar   Modulat ion  of   Galact ic   Par t ic les   and  the  Radial   Gradient  

The s o l a r  wind   modula tes   the   in tens i ty  of ga l ac t i c   cosmic   r ays  
ove r  a wide   r ange   o f   ene rg ie s , ,w i th   t he   e f f ec t   be ing  most severe a t  the   l owes t  
ene rg ie s .   Assoc ia t ed   w i th   t h i s   modu la t ion  must be a r a d i a l   g r a d i e n t  of t h e  
cosmic-ray  intensi ty .   Evidence  f rom  Pioneer  10 and 11 i n d i c a t e s   t h a t   t h i s  
g r a d i e n t  i s  r e l a t i v e l y  small o u t   t o  Q5 AU (Q5% p e r  AU f o r   p a r t i c l e s  of several 
hundred  MeV/nucleon ; 610% AU for   lower   energy  protons  and  hel ium  nuclei) .  
How f a r  do t h e s e  small g rad ien t s   ex t end?  Is t h i s   i n d i c a t i v e   o f  a smaller 
t o t a l   s o l a r   m o d u l a t i o n   t h a n   e x p e c t e d   o r  w i l l  t h e   g r a d i e n t s  become l a r g e r  as 

b e   t o   s e a r c h   f o r   t h i s   b o u n d a r y   o u t   t o  20 AU and  beyond. Basic a spec t s   o f  
e n e r g e t i c   p a k t i c l e   t r a n s p o r t   t h e o r y   i n   i n t e r p l a n e t a r y   s p a c e   d e p e n d  upon 
parameters a t  th i s   boundary ,  and they  are completely unknown. 

r a one  approaches  the  boundary? One of   the   p r imary   goa ls  of th i s   exper iment  w i l l  

Our de t ec to r   sys t em is  des igned   t o   ve ry   p rec i se ly   measu re   t he  
r ad ia l   g rad ien t   and   ove ra l l   modu la t ion  as a f u n c t i o n   o f   r i g i d i t y   o v e r  a wide 
range of energy and charge-to-mass r a t i o   i n   r e g i o n s   n o t   y e t   p e n e t r a t e d  by 
spacec ra f t .   Var ious   i so topes   ( such  as I H ,  2H, 3He, 4He) can  be  used t o  d i s -  
t i n g u i s h   b e t w e e n   s o l a r ,   p l a n e t a r y   a n d   g a l a c t i c   p a r t i c l e s .   E l e c t r o n   m e a s u r e -  
ments w i l l  a l so   be   o f   g rea t   impor t ance .   In   pa r t i cu la r ,   measu remen t s   o f   t he  
e l e c t r o n   g r a d i e n t  and  modulation  over  the  energy  range  from 3-10 MeV and  beyond 
Q10 AU w i l l  d e f i n e   t h e   t r a n s p o r t   p a r a m e t e r s   o v e r  a r i g i d i t y   r a n g e   n o t   r e a d i l y  
accessible  using  low-energy  proton  measurements.  
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6.  EXPERIMENT DESIGN PHILOSOPHY AND APPROACH 

The q u a n t i t i e s  which we propose t o  measure i n   o r d e r   t o  meet our 
s c i e n t i f i c   o b j e c t i v e s   h a v e  been  summarized e a r l i e r   i n   S e c t i o n  4.1.  These 
measurements w i l l  be  made with  three  detector  systems:  the  Magnetospheric 
Telescope  Array (MTA), t h e  Low Energy  Telescope  System (LETS), and t h e  
High  Energy  Telescope  System (HETS). These three  systems  share  a r i ch   he r i -  
t age  of s c i e n t i f i c  and technical  experience  through  the combined experience 
of   our   four   laborator ies .  The MTA design i s  an  improvement  upon de tec to r  
systems  flown t o   J u p i t e r  by Iowa and GSFC/UNH on Pioneers 10  and 11. The 
LET and HET systems  have  evolved  from  the GSFC/UNH Pioneer 10 and 11 experi- 
ments  and the  Caltech IMP 7 and 8 experiments.  With  but one except ion,  
t h e  LET and HET sys tems  a re   ident ica l   to   those   a l ready   deve loped   for  MJS. 
The exception is  t h a t   t h e  LET system  has  been augmented  by  two extended low 
energy  telescopes (ELETs); these  replace  the  second HET i n   t h e  MJS design. 
The ELETs have   t he i r   p recu r so r   i n   t he  GSFC VLET presently  being  developed 
f o r  ISEE-C. 

By using  three  independent  systems we have  been  able  to  optimize 
the  experiment 's   charge  and  energy  resolution,  background  rejection and 
response  to   high  count ing  ra tes .  We have  minimized  Landau e f f e c t s  by choosing 
the   t h i ckes t  dE/dx  device  appropriate   to  a given  energy  interval;  we have 
incorporated  three  parameter  analysis  wherever pract ical ;  we have  incorporated 
or   have  del iberately  omit ted  ant i -coincidence  detectors ;  we have  careful ly  
des igned   a r rays   o f   t e lescopes   for   the  measurement  of an iso t ropies .  Our 
t e l e scopes   cons i s t   en t i r e ly  of sol id-s ta te   charged-part ic le   detectors .   These 
devices   have  proven  to   be  uniquely  re l iable   in   space  appl icat ions,   in   addi t ion 
t o   b e i n g   f r e e  of gain  changes  and  having  superior,  low-noise  performance. 
Finally  three  independent  systems and multiple  telescopes  provide  the  redun- 
dancy s o  necessary  for   extended  missions.   In  summary, w e  f e e l   t h a t   t h e s e  
systems are i n  an  advayced s t a t e  of development  and  can be  flown as w e  pro- 
pose them. 

7. INSTRUMENTATION 

The overall   package w e  propose is  assembled  using  the same approach 
used f o r  MJS. This i s  i l l u s t r a t ed   s chemat i ca l ly   i n   F igu re  7-1. The opera- 
t i on  of each  subsystem i s  summarized  below. More ex tens ive   descr ip t ions  may 
be  found  in  the  Appendices. 

I. MAGNETOSPHERIC  TELESCOPE ARRAY (MTA) 

A. General   Description 

The MTA cons i s t s  of four  identical   three-element  telescopes de- 
noted by R,  s ,  T and U, with   phys ica l   co l l imat ion   for   d i rec t iona l i ty ,  and th ree  
spherically-shielded,  single  element  detectors,   denoted by M, N and P. These 
a r e   i l l u s t r a t e d   i n   F i g u r e  7-2. A l l  of the  detect ing  e lements   used  in   the 
te lescopes are t o t a l l y   d e p l e t e d   s i l i c o n   s u r f a c e   b a r r i e r   d e t e c t o r s .  The spheri-  
ca l ly   sh i e lded   de t ec to r s  are one-millimeter  cubes of l i t h i u r n d r i f t e d   s i l i c o n .  
The axes of t he   fou r   t e l e scopes   a r e   i n  a symmetric  tetrahedral  arrangement 
with  an  angle  of 109'  between  each pa i r   fo r   t he   pu rpose  of angular   d i s t r ibu-  
t i o n  measurements. The physical   design and the   use  of delay-l ine  pulse  
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c l i p p i n g  and f a s t   e l e c t r o n i c s  (50 
t o  150 nanoseconds) makes i t  possi-  
b l e   t o   d i s t i n g u i s h   e l e c t r o n s ,   p r o t o n s ,  
hel ium  ions,   and medium-Z i o n s  and 
t o   s e p a r a t e l y   m e a s u r e   t h e i r   a b s o l u t e  
energy spectra and   angu la r   d i s t r ibu -  
t i o n s   u n d e r   h i g h   i n t e n s i t y   c o n d i t i o n s  
such as t h o s e   t h a t   e x i s t   i n   t h e   J o v i a n  
(and  possibly  the  Uranian)  magneto- 
sphere.  A b a s i c  time re so lu t ion   o f  
6 seconds is proposed,   with 96 seconds 
f o r  a complete  cycle of da ta   channels  
and  analyzer   e lements .  The MTA i s  
a l s o   v a l u a b l e   f o r   i n t e r p l a n e t a r y  
measurements a t  much lower time reso- 
l u t   i o n .  

B. Particle  Energy  Measurements 

Angu la r   d i s t r ibu t ions  and 
a b s o l u t e   i n t e n s i t i e s  of e n e r g e t i c  

ELEMENT I 

ELEMENT 2 

ELEMENT 3 

I I 
& 

I Crn 

MTA TELESCOPE 

+ 
+ Z  

FIGURE 7-1 

DETECTOR  M 

ALUMINUM 
SHIELDING 
1.47 g/cm2 

--I DETECTOR P 

PLATINUM 
SHIELDING 
10.9 q/crnZ 

M T A  OMNIDIRECTIONAL  DETECTORS 

FIGURE 7-2 

c h a r g e d   p a r t i c l e s   i n  a number  of  energy  ranges  are  measured as fol lows:  

(1) E l e c t r o n s  (Ee > 0.070 MeV) 
(2 )  Pro tons  (EP > 0.080 MeV) 
(3)  Helium Ions (Eol > 0.24  MeV/nucleon) 
( 4 )  Medium-Z Ions (EM > 0 . 3  MeV/nucleon) , 

a l l  s e p a r a t e l y .  

This  i s  made p o s s i b l e  by p r o p e r l y   s e l e c t e d   e l e c t r o n i c   d i s c r i m i n a t i o n  
l e v e l s  on t h e   v a r i o u s   d e t e c t o r s   a n d  by t r ansmi t t i ng   s ing le   e l emen t   coun t ing  
rates and  combinat ions  of   coincidence  and  ant i -coincidence  count ing rates. 
An o v e r a l l  summary o f   t he   spec t r a l   cove rage  is  g iven   in   F igure  7-3. Analy- 
t i c a l   d e t a i l s  are g i v e n   i n  Appendix A 6 .  The u n i d i r e c t i o n a l   g e o m e t r i c   f a c t o r  
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fo r   t he   t e l e scop ic  measurements is 0.02 cm sr a d the  omnidirect ional  geome- 
t r i c   f a c t o r   f o r   t h e   c u b i c a l   d e t e c t o r s  i s  0.02 cm . 

2 
9 

C. Dynamic Range i n   I n t e n s i t y  

Based on Pioneer 10/11 observations,  
t h e   g r e a t e s t   u n i d i r e c t i o n a l   i n t e n s i t i e s   t h a t  w i l l  
be  experienced by MJU during i t s  Jovian  fly-by are: 

j (Ee>.040 MeV) = 5x107/cm2-sec-ster; 
j (Ee>0.55 MeV) = 2x107/cm2-sec-ster; 
j (Ee>5.0 MeV) = 2.4x106/cm2-sec-ster; 
j (Ee>21 MeV) = 1.6x104/cm2-sec-ster; 
j (0.61<Ep<3.41 MeV) = 7x106/cm2-sec-ster; 
j(1.2<En<2.51 MeV) = 2.4x106/cm2-sec-ster; 
j (14.8<kp<21.2 MeV) = 1.6x105/cm2-sec-ster. -DIRECTIONAL - OMNI-DIRECTIONAL 

A t  a l l  single-element  counting rates up t o  about 
3x105 counts/second  the MTA output w i l l  be   l i nea r  
and s imple   i n   i n t e r   r e t a t ion .  A t  the   highest  ex- IO( lo2 lo3 IO' I o5 

pected rates (QlxlOi  counts/second)  near  periapsis MTA  ENERGY  RANGE (Lev)  

of the  Jovian  _encounter,   non-linear  effects w i l l  be 
s ign i f i can t   bu t   t he   ou tpu t  w i l l  be   i n t e rp re t ab le  
in   as t ra ight forwardway by use   o f   l abora tory   ca l ibra t ion   da ta .   In tens i t ies  
a t  Uranus are a lmost   cer ta in ly  much less than  those  quoted  above. 

MEDIUMS (CARBON) 

FIGURE 7-3 

- - 
ELECTRONS 

- - - - 
ALPHA  PARTICLES 

11. THE LOW ENERGY TELESCOPE SYSTEM (LETS) 
> 

A. General   Description 

The Low Energy Telescope  System (LETS) i s  designed  to  determine 
the  three  dimensional flow. pa t t e rns  of i n t e r s t e l l a r  and interplanetary  cosmic  ray 
f luxes  and to   extend  high  resolut ion  e lemental  measurements ( 1  Z 5. 30) 
down to   ve ry  low energies.  The LET system  consists  of 6 te lescopes ,   four  Low 
Energy  Telescopes (LETS) and two Extended Low Energy  Telescopes (ELETs). 
The four  LETs have  been  opt imized  for   the  inters te l lar   anisotropy measurements 
by incorpora t ing   la rge  area, thin  detectors.   This  arrangement,  shown in   F igu re  
7-4, provides   mult iparameter   analysis   capabi l i ty  a t  low energies   with  the rela- 
t ive ly   l a rge   geometr ica l   fac tor   (0 .5  cm2sr each)  needed for   measuring  the ex- 
pec ted   an iso t ropies   ( see  Appendix A4). The four  LETs are r equ i r ed   i n   o rde r   t o  
completely  characterize  the  three-dimensional  anisotropy  (see Appendix 
f o r  a derivation  of  this  requirement).   This  geometrical   arrangement  has  been 
accommodated f o r   t h e  CRS instrument on MJS77 and we would r e t a i n   p r e c i s e l y  
t h e  same o r i e n t a t i o n  on MJU79. The four  LETs provide  not  only  the  anisotropy 
information,  but  also  an  increased  geometrical   factor (Q2 cm2sr t o t a l ) ,  and 
sensor  redundancy. 

The two ELETs (see  Figure 7-4 and  Appendix A7) have  been  optimized 
for   mult iparameter   analysis  a t  very low energies   through  the  use of u l t r a - th in  
de tec tors .  The mult iparameter   analysis   provides   high  resolut ion measurements 
of   the   spec t ra  and elemental  composition  of  solar and galactic  cosmic  rays  with 
energies  a f a c t o r  of 3 t o  10 lower  than  possible  with LET. Fo r   spec t r a   so f t e r  
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than J (>E)  'L Ec2, t h e   i n c r e a s e d   f l u x  
at the  lower  threshold more than com- COLLIMATOR 8 

pensa te s   fo r   t he  small geometr ical  
f a c t o r .  L I  

THERMAL RADIATOR 

\ 
\ / B. Modes of  Operation LET \ 

L I , L 2  : 35 p m  a 7 5 o y  + 
L3,L4 : 450pm x \ I  Two b a s i c  modes of op- 

285 mm2 

e r a t i o n  w i l l  be  implemented  for  each 4 0 0 m m '  

of t h e  6 te lescopes,   corresponding / \  03 

t o   doub le  and t r i p l e   p a r a m e t e r  ana- / \  D4 

l y s i s .   I n   a d d i t i o n ,  a l i m i t e d   s i n g l e -  
parameter   analysis  w i l l  be  performed 
on two of t h e  LETs. D 3  , D 4 :  6Opm x 1 5 0  nIm2 

/ \ 

€LET 
01, 0.2 I 6pm x 30 mm2 - Icm 

In  the  double-para- 
meter mode, c h a E c t e r i z e d  by L 1 L 2 5  FIGURE 7-4 
f o r  LET o r  DlD2D3 f o r  ELET, the   par -  
t i c l e  energy l o s s  is de termined   in  L 1  o r  D l  and   the   res idua l   energy  is measured 
i n  L2 o r  D2. The  dE/dx-E ana lys i s   p rov ides  unambiguous  element i d e n t i f i c a t i o n ,  
w i t h   i s o t o p e   r e s o l u t i o n   i n   t h e  LETs f o r   a d j a c e n t   i s o t o p e s   w i t h  Z ,$ 5 and f o r  
even  isotopes  with Z & 12 (see Appendix A8) .  

I n   t h e   t r i p l e   p a r a m e t e r  mode (LlL2L3Z  for  LET o r  DlD2D3X f o r  
ELET), t h e   p a r t i c l e ' s   B n e r g y  loss i s  measured  twice,   and  the  residual  energy 
is measured i n  L3 o r  D3. The double-dE/dx  measurement  both  improves  the mass 
r e s o l u t i o n  and s ign i f i can t ly   r educes   t he   background   due   t o   i ce rac t ing   pa r t i -  
cles and  edge e f f e c t s .  The a n a l y s i s   i n t e r v a l   f o r   t h e  DlD2D3D4  mode corresponds 
t o  pa r t i c l e   r anges   12  R 72pm of S i .  This in te rva l   has   been   chosen   to  
completely  overlap  the  L1L2~y*int .erval ,   which  corresponds  to  35 1. R 5 70pm of 
S i .   S imi l a r ly ,   t he  LlL2L3IX a n a l y s i s   i n t e r v a l  (70 I R X 520pm) has  been cho- 
s e n   t o   p r o v i d e   s i g n i f i c a n t   o v e r l a p   w i t h   t h e  HET three-parameter mode. Table 
7-1 p r o v i d e s   f u r t h e r   d e t a i l s .   N o t e   t h a t  a t  t hese   ene rg ie s   t he   heav ie r   nuc le i  
are l i k e l y  enhanced  compared t o   t h e  relative abundances  assumed i n   t h e   t a b l e .  

T & l e  7-1 :  Typicz l  LETS I n t e r p l a n e t a r y   a n d   I n t e r s t e l l a r   A n a l y s i s  Rates 

i 1 Energy I n t e r v a l  1) 1 Xnte rp iene ta ry   In t e r s  t ellar 3 )  1 Nin. I n t e r s t e l -  4$ 
i 
i i (%eV/nuc)  Ever.ts/6 hr 1 l a r  Anisotropy , I j j 

I 1 

. -  

i I 

LET I ELET LET 1 mo. I 1 y r .  i 
! 

3% I 

3.52-5.2 3.3-18 4 500 13% I 
0 .4  ! 140 600 24% 1 

I 
Events /yr  

0.2 I 190 450 1 - t 28% 

1) Energy i n t e r v a l  f o r  mc l t ipa rame te r   ana lys i s .  
2 )  AssuTes 3 ( > E )  = E'2 as a m i n i m m   i n t e n s i t y   c o r o t a t i o n  f lux.  
3 )  hscmes ZJ/~E - W-2-65 as c o n s e r v a t i v e   i n t e r s t e l l a r   s p e c t r a .  
4 )  Assvnes a 3a d i f f e r e E c e  i n  the   count ing  rstes of 2 LETS- 
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In  the  single-parameter mode (Lis) , only   de tec tor  L1 i s  pene- 
t r a t e d   b y   t h e   p a r t i c l e .  The acceptance  cone is def ined by the  combination 
co l l imator  and t h e r m a l   r a d i a t o r ,   r e s u l t i n g   i n  a geometr ica l   fac tor  of %5 cm sr. 2 

The ana lys i s  i s  performed  by 4 discr iminators   chosen  for  optimum response   t o  
H ,  He, CNO and Z > 8,  r e spec t ive ly   ( s ee  Appendix  A8). This mode w i l l  be  use- 
ful f o r   i n t e r s t e l l a r   o r   i n t e r p l a n e t a r y   s p e c t r a   s o f t e r   t h a n  E-2. The multi-  
parameter ELET ana lys i s  w i l l  provide unambiguous elemental  composition  in 
t h e  same energy  interval  which w i l l  a id   i n t e rp re t a t ion .  The primary advan- 
t age  of the   s ing le   parameter  mode is  t h e   l a r g e  AS2 which  permits  determination 
of t he   an i so t rop ie s  of %1% i n  one month (based on a 30 d i f f e r e n c e   i n   t h e  
count ing   ra tes ) .   In te rca l ibra t ion   of   the   t e lescopes   in   the   l abora tory   and .  
dur ing   in te rp lane tary   c ru ise  w i l l  be   d i r ec t ed  toward l imi t ing   t he   sys t ema t i c  
u n c e r t a i n t i e s   t o  61%. 

C. Trapped  Radiation  Response 

The l a r g e  M of t h e  LETS is well s u i t e d   t o   t h e   d e t e c t i o n  of 
very weak magnetospheres. Assuming t h a t  a minimum detec tab le   s igna ture   cor re-  
sponds t o  an  increase  of 10 counts   in  a d is tance  of %0.2 Ru (which the  space-  
c r a f t  traverses i n  %300 seconds),   then a minimum magnetospheric  counting rate 
of 0.03 sec-1 i s  required.  The corresponding minimum f luxes  are i n d i c a t e d   i n  
Table 7-2, as are t h e  maximum analyzable   f luxes   which   resu l t   in  a counting 
r a t e  of l o5  sec-1. The f l u x  dynamic range  of LETS complements t he   h ighe r   f l ux  
range  of  the "A. I n   add i t ion ,   t he  LETS w i l l  provide  elemental  composition 
measurements o;er the   range  of f luxes   i n   Tab le  7-2. 

111. THE HIGH ENERGY TELESCOPE  SYSTEM  (HETS) 

A. General   Description 

The K J U  High  Energy  Telescope shown schemat ica l ly   in   F igure  7-5 
has  already  been  developed  for  use on MJS. It is  e n t i r e l y   s o l i d  s ta te  and  makes 
use  of  detector  technology  previously  proven on Pioneers 10 and 11, IMPS 7 and 8, 
and  more r ecen t ly  on Helios.  The HET system  has   the  fol lowing  character is t ics :  
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(1) The s p e c t r a  of e l ec t rons   and  a l l  elements 
from  hydrogen t o   i r o n  w i l l  be  measured  over a 
broad  range  of   energies ,   e .g . ,  4-500 MeV/nuc- 
l e o n   f o r  Z = 1, 2.   (2)   Ind iv idua l   i so topes  
w i l l  b e   r e s o l v a b l e  up th rough   t he   i so topes  of. 
oxygen (AM = 1 f o r  Z = 1-8) ; i nd iv idua l   cha rges  
w i l l  b e   r e s o l v a b l e  up through Z = 30.  (3) The 
use  of  a double-ended  te lescope  and  the  inclusion 
of a so l id-s ta te   guard   e l . ement   permi ts   up   to  a 
twen ty - fo ld   i nc rease   i n   geomet ry   f ac to r   ove r  t - ~ ~ 8  C g x 0 . 1 5 M M  

earlier designs.  

t- A,- 8 CM'x0.15 MM 

c, - 9 CM'x 3 MM 
cz- 9 CM'x 6 MM 

B. Modes of  Operation 
G c,- 9 CM'x 6 MM 

c4- 9 CM'x 6 MM 

&- 8 C g x  2 MM A HET t e l e s c o p e   h a s   t h r e e   b a s i c  
modes o f   ope ra t ion ,  two co r re spond ing   t o   pa r t i -  
c l e s   t h a t   s t o p   w i t h i n   t h e   t e l e s c o p e   ( d e n o t e d  by 
SI and  S2) , and  one   cor responding   to   par t ic les  
t h a t   p e n e t r a t e   t h e   t e l e s c o p e   ( d e n o t e d  by P) .  I n  
t h e  SI and S2 modes, t h e   t e l e s c o p e   o p e r a t e s   i n  
a standard  dE/dx x E mode. The des ign   of   the  
in s t rumen t  is ,  however, new and  unique t o  MJU/  
MJS i n  t h a t   t h e   d e t e c t o r   s t a c k  serves double  
duty: SI a n d   S 2 - c o r r e s p o n d   t o   p a r t i c l e s   e n t e r -  
i ng   oppos i t e   ends   o f -   t he   t e l e scope .   T ra j ec to r -  
ies 1, 2 and 3 i n   F i g u r e  7-5 are t y p i c a l  S l y  S2 
and P even t s ,   r e spec t ive ly .   Tab le  7-3 summar- 
i z e s   t h e   c h a r a c t e r i s t i c s   o f   t h e s e   t h r e e  modes. 

t-- 6, - 8 CM'x 2 MM 

HIGH ENERGY TELESCOPE (HETI  

FIGURE 7-5 

T O L E  7-3: HET MODE CHARACTERISTICS 
I I.3 

Proton 
, 

' Geometry 
Type of Fac to r  V i e w  De tec to r s  Coincidence Energy 

Mode (cm2-ster)  Angle Analyzed Condition Range (MeV) Analysis  

s1 

P 70-500 Tr ip le   dE/dx  

dE/dx vs. E 1.0-1.7 58' A A C +C +C 4- 57 
A1A2C4G 1' 2'  1 2 3 

? 0.9-1.7 58" B 1, B 2 ,  C 2 +C 3 +C 4 B1B2C1G 
18- 70 dE/dx  vs. E s2 

i B1B2C1 B1, C 1 9  C2+C3+C4 1 . 7  46' 
.A 

I n   b o t h   t h e  SI and S modes i s o t o p i c   r e s o l u t i o n   w i t h  AM = 1 w i l l  b e   p o s s i b l e  
up t o  Z = 8 and r e s o  1 u t i o n   w i t h  AM = 2 up t o  Z = 16. Resolut ion  of   adjacent  
charges  is p o s s i b l e  up t o  Z = 30. The i s o t o p i c   r e s o l u t i o n  of a t e l e s c o p e  
b u i l t  by the   Ca l t ech  members of  our team is  i l l u s t r a t e d  by t h e   a c c e l e r a t o r  
c a l i b r a t i o n   d a t a  shown i n   F i g u r e  7-6. A d e t a i l e d   d i s c u s s i o n  of  background 
and r e s o l u t i o n  is presented  in   Appendix 10. 

I n   t h e  S2 mode prec ise   measurements   o f   the   e lec t ron   spec t rum 
i n   t h e  3-10 MeV i n t e r v a l  w i l l  a l s o   b e  made. Below 3 MeV, background  due  to 
Compton e l e c t r o n s   f r o m   t h e   s p a c e c r a f t   r a d i o - i s o t o p e  power s u p p l i e s  w i l l  p r o h i b i t  
quiet- t ime  e lectron  measurements .  However, i n t e r p l a n e t a r y   e l e c t r o n   i n c r e a s e s  
due t o   s o l a r   f l a r e s  and i n   t h e   v i c i n i t y   o f   J u p i t e r  w i l l  be   observable   below 3 
MeV. See  Appendix  Al2. 
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ca l  t o   t h o s e  on MJS, i den t i ca l   e l ec t ron -  
ics w i l l  be   used.   Addit ional ly ,   for  

0 5  C l l A f l l l E L  

FIGURE  7-6 

Nucleus 

H 
He 
Be 
0 
Fe 

*s = S1 

Table 7-4: HETS Galac t ic  Cosmic-Ray Response 

S MODE* P MODE 

Energy Events/Month Energy Events/Month 
(MeV/nuc) 

4-70 
4- 70 

5.2-91 
8.7-154 

13.5-295 

s2 

1 AU +I . n t e r s t e l l a r  (MeV/nuc) 

4. 8x105 > 70 

5 .5~10 '  5. 0x10' 8 . 9 ~ 1 0 ~  > 91 
2 . 0 ~ 1 0 ~  ~ 7 ~ 1 0 ~  2.  5x104 > 70 
3 . 6 ~ 1 0 ~  2 . 1 ~ 1 0 ~  

5 . 0 ~ 1 0 ~  4 . 6 ~ 1 0 ~  1. 3x103  >154 
2. 2x10' >295 4 .5~10 '  4 .1~10 '  

+ I n t e r s t e i l a r   i n t e n s i t i e s  are derived  assuming a total-energy power-law spec- 
t rum. 

the  YJU design,   the  ELET analog  inputs  simply  replace  those of  one of t h e  two 
HET te lescopes   in   the   e lec t ronics   des igned   for  WS. 

The MTA is  optimized  for  planetary  encounter and  based  on  our own 
recent  experience  in  the  Jovian  magnetosphere  with  Pioneers  10 and 11. It is  
a direct   outgrowth of t h e  GSFC/UNH LET-I1 te lescopes on Pioneer  10/11 and t h e  
Iowa G2 de tec to r  on Pioneer 11. These  sensors and experiments  functioned well, 
and t h i s  proposed MJU system  provides   substant ia l ly   superior   performance  in  terms 
of :   h igh   count - ra te   capabi l i ty ;   the   ab i l i ty   to   c lear ly   separa te   e lec t rons ,  
protons and alphas a t  high  count-rates;  and  simultaneous  measurements  in several 
d i r e c t i o n s .   T h i s   l a t t e r   p o i n t  - simultaneous  measurements i n   s e v e r a l   d i r e c t i o n s  - 
is  e s s e n t i a l   i n   l i g h t  of  the  Pioneer  10/11  experience  where marked  changes 
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i n  a n g u l a r   d i s t r i b u t i o n s   o c c u r r e d   w i t h i n  a time less than  the  complete   space-  
craft ro ta t ion   o f   12  sec. A sys t em  employ ing   sha red   coun t ing   r eg i s t e r s   t o  mech- 
a n i c a l l y   r o t a t e d   d e t e c t o r s  would  have  more  l imited  temporal  resolution. 

B. E l e c t r o n i c s  

T h e   p a g e   r e s t r i c t i o n s   f o r   t h i s   p r o p o s a l   a l l o w   o n l y  a s h o r t  
d i s c u s s i o n   o f   t h e  most  important  considerations  here.   Appendices A6,  A7,  A8, 
A9 and A 11 c o n t a i n  more  complete  discussions.  

The cha rge - sens i t i ve   p reampl i f i e r s   and   shap ing   ampl i f i e r s   u sed  
i n   t h i s   e x p e r i m e n t   h a v e  severe requirements   placed  on them  which w e  have   a l ready  
a t t a i n e d .  Our c i r c u i t r y   f o r   t h e  L 1  and L2 de tec to r s   o f  LET has  a sys t em  no i se  
performance  of $55 KeV S i  fwhm a t  room temperature.  L 1  and L2 have a d e t e c t o r  
capac i tance   o f  WOO pf ,   and   our   des ign  w i l l  a l low a c l e a n   l o g i c   t h r e s h o l d   t o   b e  
set a t  200 KeV w i t h   s u b s t a n t i a l   m a r g i n .  Many of t h e  preamplifiers/amplifiers 
i n  HETS are r e q u i r e d   t o   h a v e  a l i n e a r  dynamic  range i n  excess of 32,000. This 
is accomplished i n  a gain-switching  preamplif ier   which was inven ted   fo r   t he  
pu rpose   (pa t en t   i n   p rocess ) ,   t oge the r   w i th  a system of  4096 channel  pulse- 
h e i g h t   a n a l y z e r s .  The l i n e a r   s y s t e m s   f o r  HETS and LETS use   shaping  time 
c o n s t a n t s  of Qlpsec. The MTA and  omnidi rec t iona l   de tec tors ,   however ,   p lace  
d i f f e r e n t   r e q u i r e m e n t s  on t h e   e l e c t r o n i c s .  A l a r g e  dynamic  range i n  energy 
is not   needed.   Speed  and  f reedom  from  pulse   pi leup  effects  are requi red   and  
d i c t a t e   t h e   f a s t  time cons tan t s   u sed  - 150 nanoseconds  with a 50 n s   l o g i c  
s t robe.   These  systems w i l l  allow measurement   o f   energe t ic   par t ic le   f luxes  
s u b s t a n t i a l l y   g r e a t e r   t h a n   t h o s e   e n c o u n t e r e d  at J u p i t e r .  

The performance  of  the 4096 channel   pulse-height   analyzers  is 
compet i t ive   wi th  good l abora to ry   spec t roscopy   sys t ems ,   hav ing   i n t eg ra l   and  
d i f f e r e n t i a l   l i n e a r i t y  of;O.l%  and 2%, r e s p e c t i v e l y .   T o t a l   s y s t e m   g a i n   s t a b i l -  
i t y  ($O.l%) is v e r i f i a b l e   d i r e c t l y   f r o m   t h e   f l i g h t   d a t a   f r o m   t h e   e n d   p o i n t s  
i n   t h e   r e s p o n s e  matrices f o r   t h e   v a r i o u s   n u c l e i .   S t a b i l i t y  of t h e  MTA can  be 
checked  because  of  the way i n  w h i c h   t h e   f o u r   i d e n t i c a l   t e l e s c o p e s   s h a r e  
p a r a l l e l   e l e c t r o n i c s   ( s e e  Appendix  A6). An e l e c t r o n i c   c a l i b r a t o r   a l l o w s  
f a s t ,   a c c u r a t e  tests of many l inea r   channe l s   fo r   g round   and   i n - f l i gh t   t e s t ing .  
The experiment   includes  an  extensive  data   aystem  using  both RCA COSMOS (JPL 
radiation-hardened  version)  and  custom-designed LSI c i r c u i t r y .   I n   a d d i t i o n  
t o  36 r e g i s t ; e r s   f o r   s t o r i n g  the many d i f f e r e n t   k i n d s   o f   e v e n t s   f o r   t h e   t h r e e -  
te lescope   sys tems,  i t  i n c l u d e s  64 24 -b i t   coun te r s   fo r  rate d a t a .  

2 

C. Reliability/Redundancy/Flexibility 

Any exper iment   be ing   des igned   for   an  MJS o r  MJU mission  must 
d e v o t e   c o n s i d e r a b l e   e f f o r t  t o  t h e   s u b j e c t   o f   r e l i a b i l i t y  - b o t h   i n  terms of  an 
a g i n g   l i f e t i m e   a n d  a rad ia t ion-damage   l i fe t ime.  A l l  p a r t s  are procured  and 
t e s t e d   t o   t h e  JPL-approved MJS program.  Experiment  l ifetime  should  not  be 
l i m i t e d   b y   e l e c t r o n i c s   p a r t s   l i f e t i m e .   E x t e n s i v e   t e s t i n g   a n d   a n a l y s i s  by t h e  
experiment team and  JPL f o r   t h e  MJS e x p e r i m e n t   l e a d   t o   t h e   c o n c l u s i o n   t h a t  
from a r a d i a t i o n   p o i n t  of view, t h e   l i m i t i n g  components are the  JPL-supplied 
COSMOS c i r c u i t r y   w h i c h  are in   every   exper iment   and   sys tem.   Thei r   to le rance  
a p p e a r s   t o   a l l o w  a comfortable  margin a t  J u p i t e r .  
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Six-year   missions  c lear ly   require   careful   considerat ion  of  
redundancy  and  possible  failure modes within  the  experiment.  The f a c t   t h a t  wetve 
chosen mul t ip le   de tec tors   wi th   para l le l   e lec t ronics   permi ts   th i s   exper iment   to  
t o l e r a t e  several s e r i o u s   f a i l u r e s  and s t i l l  make s i g n i f i c a n t  measurements. 
An extens ive  command system  allows  major  reconfiguration  within  the  experiment 
and a l so   a l lows  power on/off a t  t h e   c i r c u i t   l e v e l  - fo r   i n s t ance   i nd iv idua l  
preamplif iers .  The experiment and the   spacec ra f t   a l l ow  cons ide rab le   f l ex ib i l i t y  
i n   t h e  on-board data  format. A t  expected b i t  rates, the  important  comparative 
MTA d a t a  is  updated  nominally  every s i x  seconds.This  period  can  be  shortened 
or   lengthened  in  a binary  fashion by command, and a l s o   t h e   f r a c t i o n  of  experiment 
telemetry  devoted  to  the  various  detector  systems  can  be  similarly  changed. 
Appendix A 11 furn ishes  a more complete  discussion. 

D. Data Rate  and  Storage 

A nominal  experiment  data rate of $128 bps i s  envis ioned   for   c ru ise ,  
although  the  experiment  can  be commanded for   operat ion  a t   lower  and h i g h e r   b i t  
rates. A t  planetary  encounter we requi re  Q256 bps.   In   the case of  extended 
per iods  without  real-time tracking  f rom  ear th ,  w e  require  the  assignment of 
$115 of t he   spacec ra f t   bu f fe r  memory f o r   s t o r a g e  of th i s   exper iment ' s   da ta .  
This  would  allow $15 bps f o r  one  week's  storage,   for  instance,  and  would  allow: 
s to rage   o f   a l l   h igh  Z pha  events;  a s ignif icant   sampling of the  proton and alpha 
p a r t i c l e   s p e c t r a  ($10 events   per   minute) ;  and storage  of  the  complete rate da ta  
with  basic  accumulation times of $15 minutes. 

E. Weight, Power and Volume 

The heavy  dependence  of this  experiment upon the   ins t rumenta t ion  
designed  and b u i l t   f o r  MJS allows  us  to  predict   the  performance,  weight,  power, 
volume  and cost   requirements  accurately.  The d e t a i l s  are given i n  Appendix 
A 11. 

Weight : 7 . 1  Kg 
Power : 6.8  Watts 
Volume: 31.1 x 20.3 x 17.8 cm 
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8,9,10: P r i n c i p a l   I n v e s t i g a t o r  and   Co- Inves t iga to r   Respons ib i l i t y ,  Commitment, 
Relevant   Scient i f ic   Experience  and  Biographical   Information.  

A b r i e f  summary o f   t hese  items i s  given  below.  They  are  covered i n  much 
g r e a t e r   d e t a i l   i n   t h e  Management Sec t ion   and   i n   t he  Biographies/Bibliographies 
appea r ing   a t   t he   end   o f   t he   Techn ica l   Sec t ion .  It is  assumed t h a t   t h e   d a t a   a n a l y s i s  
and  systems  design w i l l  be sha red  among a l l   n i n e   i n v e s t i g a t o r s .  

F.B. McDonald, Chief,   Laboratory  for  High  Energy  Astrophysics,  GSFC, and 
Professor   o f   Phys ics   (P .T . ) ,  The Un ive r s i ty   o f   Mary land ;   s tud ie s   o f   ga l ac t i c   and  
s o l a r  cosmic   rad ia t ion   and   p lane tary   magnetospheres ;   concerned   wi th   overa l l  
experiment  design. 

B.A. Randa l l ,   Ass i s t an t   Resea rch   Sc ien t i s t ,  The Un ive r s i ty   o f  Iowa; 
magnetospher ic   research;   respons ib le   for   the  MTA de tec to r   deve lopmen t ,   f ab r i ca t ion  
a n d   p h y s i c a l   c a l i b r a t i o n s .  

E.C. S tone ,   Assoc ia te   Professor   o f   Phys ics ,   Cal tech ,   and   Pro jec t   Sc ien-  
t i s t ,  MJS; so l a r   and   ga l ac t i c   cosmic   r ays ,   ene rge t i c   pa r t i c l e s   i n   t he   magne to -  
s p h e r e ;   P r i n c i p a l   I n v e s t i g a t o r   f o r   t h i s   i n v e s t i g a t i o n .  

J . H .  Trainor ,   Associate   Chief ,   Laboratory  for   High  Energy  Astrophysics ,  
GSFC; r e s e a r c h   i n   c o s m i c   r a d i a t i o n ,   t r a p p e d   p a r t i c l e s   a n d   e l e c t r o n i c s ;   r e s p o n -  
s i b l e   f o r  management of M J U  experiment.  

J .A..Van  Allen,   Carver  Professor  of  Physics  and  Head,  Department  of 
Physics  and  Astronomy, The U n i v e r s i t y  of Iowa; e x t e n s i v e   r e s e a r c h   i n   p l a n e t a r y  
magnetospheres   and   cosmic   rad ia t ion ;   respons ib le   for   the   overa l l   sc ien t i f ic   and  
technical   development   of   the  MTA. 

M.A. Van Hollebeke,  Research  Associate of the  University  of  Maryland a t  
GSFC; s o l a r   a n d   g a l a c t i c  coqmic   ray   s tud ies ;   respons ib le   for  HETS c a l i b r a t i o n s .  

R.E. Vogt ,   Professor   o f   Phys ics ,   Cal tech ,   research   on   the   as t rophys ica l  
a s p e c t s   o f   c o s m i c   r a d i a t i o n ;   r e s p o n s i b l e   f o r   t h e  LET and ELET de tec to r   des ign ,  
f a b r i e a t i o n   a n d   t e s t i n g .  

T.T. von  Rosenvinge,   Physicis t ,   Laboratory  for  High  Energy  Astrophysics, 
f ,* GSFC; r e s e a r c h   i n   s o l a r   a n d   g a l a c t i c   c o s m i c   r a d i a t i o n ;   r e s p o n s i b l e   f o r   t h e  HET 

system. 

W.R. Webber, Professor   o f   Phys ics   and   Di rec tor ,   Space   Sc ience   Center ,  
Un ive r s i ty   o f  New Hampshi re ;   ga lac t ic   and   so la r   cosmic   ray   s tud ies ;   concerned  
wi th  ELET des ign   and   ca l ib ra t ion .  
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APPENDIX A 1  

ON THE NATURE OF THE URANIAN MAGNETOSPHERE 

It seems v i r tua l ly   ce r t a in   t ha t   i n   s i t u   obse rva t ion   o f   t he   magne t i c  
f i e l d   o f  Uranus  and  of  the  energetcc  particles  associated  with  the  planet w i l l  
be an   i nves t iga t ion   o f   g rea t   i n t r in s i c   i n t e re s t  and  one t h a t  w i l l  provide 
important   contr ibut ions  to   the  general ized  understanding  of  plasma physical  
phenomena on an   as t rophys ica l   sca le .   There  w i l l  a l s o  be s ign i f i can t   imp l i -  
c a t i o n s   w i t h   r e s p e c t   t o   t h e   i n t e r n a l   s t r u c t u r e  and  physical   s ta te   of   the  
planetary body. 

A l . 1  RADIO EVIDENCE 

Measured disc  temperatures  of  Uranus  in  the  wavelength  range  0.33  to 
11.3 cm l i e  between (105 2 13) O K  and  (212 2 17) O K ,  whereas  the  measured 
infrared  temperature a t  20 microns i s  (55 2 3 )  OK. There i s  a reasonably 
convincing  increase  in  radio  brightness  temperature from  0.33 t o  about 2 c m  
but  no c l ea r   t r end  from 2 t o  11 cm.  The foregoing  observat ions  are   general ly  
cons idered   a t t r ibu tab le   " to   thermal   emiss ion  by an  atmosphere whose opac i ty  i s  
wavelength-dependent"  (see  review by  Newburn and  Gulkis,  1973). 

I f  Uranus  were endowed with  the  Jovian  magnetic moment and the  Jovian 
r a d i a t i o n   b e l t   o f   r e l a t i v i s t i c   e l e c t r o n s  and i f   t h e   d e c i m e t r i c   r a d i a t i o n   t h e r e -  
f romwere  a t t r ibuted  to   the  disc   of   Uranus,  i t s  br ightness   t empera ture   a t  11 cm 
would  be  6000 O K .  The observed  value a t  11 cm is (160 2 40) O K ,  i n s i g n i f i c a n t l y  
d i f f e r e n t  from t h a t   a t  2 cm. Hence, a Uran ian   r ad ia t ion   be l t   o f   r e l a t iv i s t i c  
e l ec t rons  must be l e s s   e f f e c t i v e   t h a n   t h a t  of J u p i t e r  as a r a d i a t o r  o f  syn- 
chro t ron   no ise  by a factor  of  the  order  of 200 o r   g rea t e r .  

Recent  observation  of  Uranus a t  34.5 MHz (1 = 8.7  meters)  places  an 
upper l i m i t  of 8 Janskys (8 x wat t  m-2 Hz- ) on the  continuum  radiation 
(Shawhan and  Cronyn,  1975).  This  upper l i m i t  i s ,  however, f a r  above t h a t  which 

would  be  observed in  the  synchrotron  continuum a t   t h i s  wavelength  from a Jovian 
r a d i a t i o n   b e l t   a t  Uranus.  Also,  during a cumulative  observational  period of 
2 hours   dur ing   69   t rans i t s  of  Uranus  no  dekametric  bursts were observed  with 
power f lux   dens i ty   exceeding   the   th reshold   sens i t iv i ty  of 8 Janskys. Assuming 
analogous  dekametric phenomena w i t h   t h o s e   a t   J u p i t e r  (Warwick, 1970;  Carr  and 
Gulkis,  1969), a much longer  run  of  observations w i l l  be   requi red   to   es tab l i sh  
the  presence  or  absence  of  dekametric  burst  activity a t  Uranus. It is ,  perhaps, 
more l i k e l y   t h a t   b u r s t   a c t i v i t y  w i l l  occur a t  lower   f requencies   as   a t   Sa turn  
(Brown, 1975)  and the  Earth  (Gurnett ,   1974),  a t  frequencies below the   cu t -of f  
o f   t he   t e r r e s t r i a l   i onosphe re  and  hence  inaccessible  to  ground-based  receivers. 

1 

Despite the  foregoing  "upper-limit"  evidence, a Uranian  radiat ion 
b e l t  comparable t o   t h a t  of the  Earth,   for  example,  i s  not  excluded  by  any 
exis t ing  observat ional   data .   There i s  no r e a s o n a b l e   e x p e c t a t i o n   t h a t   t h i s   s t a t e  
of  ignorance w i l l  be d i spe l l ed  by observations from the   Ear th   o r  from  space- 
c r a f t   a t  fic 1 A.U. w i th in   t he   nex t   t en   t o   twen ty   yea r s .  

A1 .2  MAGNETIC MOMENT 

Table A l - 1  summarizes t h e   c u r r e n t  s ta te  of  knowledge  of the  magnetic 



moments of   seven  planetary  bodies .  All e n t r i e s   e x c e p t   t h e  one for   Sa turn   have  
come from i n  s i t u  observa t ions .  The en t ry   fo r   Sa tu rn   has   been   i n fe r r ed  from 
the  es t imated  upper   cut-off   f requency  of   the  dekametr ic   burst   spectrum  reported 
by Brown (1975) .   This   upper   cut-off   of   about  5 MHz was t aken   t o   be   t he   e l ec t ron  
gyro-frequency a t   t h e   t o p   o f   t h e   p l a n e t ' s   a t m o s p h e r e ,   a t   h i g h   m a g n e t i c   l a t i t u d e .  
The analogous  assumption  for  Jupi ter  y i e lds   an   e s t ima te   o f  i t s  magnetic moment 
w i t h i n  a f a c t o r   o f  two o r   t h r e e   o f   t h a t   d e r i v e d  from i n   s i t u   o b s e r v a t i o n s .  
I n   f a c t ,   t h e r e  i s  one   h igh   l a t i t ude   r eg ion  on the   sur face   o f  Jupi ter  w i t h i n  
wh ich   t he   magne t i c   f i e ld   s t r eng th  i s  14 gauss  (Smith e t  a l . ,   1975) ,   cor respond-  
ing   a lmos t   exac t ly   t o   an   e l ec t ron   gy ro - f r equency   o f  41 MHz, the  upper   cut-off  
f requency  of   the  dekametr ic   burst  spectrum. 

B r o a d l y   s p e a k i n g   t h e r e   a r e   f i v e   q u a l i t a t i v e l y   d i f f e r e n t   t y p e s   o f  
magnet ism  that  a p l ane ta ry  body c a n   e x h i b i t .  

( a )  Remanent  ferromagnetism i n  c o o l   c r u s t a l   m a t e r i a l .  
(b)   E lec t romagnet i sm  caused   by   e lec t r ica l   cur ren ts  in  a n   e l e c t r i c a l l y  

c o n d u c t i v e   i n t e r i o r ,   s u c h   c u r r e n t s   b e i n g   d r i v e n   b y   s e l f - e x c i t e d  dynamo e l e c t r o -  
motive  forces  generated  by  convective  f low  of  material .   (This  mechanism 
p r o b a b l y   r e q u i r e s   p l a n e t a r y   r o t a t i o n ) .  

(c )   E lec t romagnet i sm  of   type   (b)   a t  some remote  epoch,  with  sub- 
sequen t   r e s i s t i ve - induc t ive   decay   o f   t he   cu r ren t   sys t ems   a f t e r   t he   e l ec t ro -  
motive  forces  have become neg ig ib l e .  

i n   t he   conducg ing   i onosphe re   o f   t he   p l ane t   by   f l uc tua t ing   magne t i c   f i e lds   i n  
t he   so l a r   w ind   and /o r   d r iven  by t h e   u n i p o l a r   i n d u c t i o n   e l e c t r i c   f i e l d   c a u s e d  
by the   r e l a t ive   mo t ion   o f   magne t i c   f i e lds   i n   t he   so l a r   w ind   a s   t hese   f i e lds   a r e  
c o n v e c t e d   p a s t   , t h e   p l a n e t .   ( I n   t h e   l a t t e r   c a s e   t h e   e l e c t r i c a l   c i r c u i t  i s  c losed  
th rough   t he   conduc t ive   i n t e rp l ane ta ry  medium.) 

conduct ing   por t ions   o f  @he p lane ta ry  body i t s e l f .  

(d)   E lec t romagnet i sm  caused   by   sys tems  of   e lec t r ica l   cur ren ts   induced  

( e )   E lec t romagne t i sm  s imi l a r   t o   t ype   (d ) ,   bu t   w i th   cu r ren t s   i n  

> 

Most o f   t h e   i n t e r i o r  volumes  of a l l   o f   t h e   b o d i e s   i n   T a b l e  Al-1 
(with  the  possible   except ion  of   the Moon) a r e   t h o u g h t   t o  be a t   t empera tu res  
above  the Curie temperature   of   ferromagnet ic   mater ia ls  ( ~ 1 0 0 0  OK); hence, 
remanent  ferromagnetism, i f   a n y ,  must be c o n f i n e d   t o   t h e   o u t e r   s k i n s  of t h e  
bodies .  

2 

I n   t h e  framework  of  the  above s u m r y ,   t h e   m a g n e t i c  and  magneto- 
s p h e r i c   p r o p e r t i e s  of the   severa l   p lane tary   bodies   a re   thought   to   cor respond 
t o  t h e   l i s t e d   t y p e s   o f   m a g n e t i s m   a s   g i v e n   i n   T a b l e  A1-2. F o r   l a r g e ,   r o t a t i n g  
p l a n e t s   h a v i n g   f l u i d   i n t e r i o r s ,   t h e r e  i s  no  theory  of  type  (b)  magnetism  which 
proceeds  from f i r s t   p r i n c i p l e s   t o  a c o n f i d e n t   p r e d i c t i o n  of   the  gross   magnet ic  
moment of   the   p lane t .   Nonethe less ,  i t  i s  noted  from  Table Al-1 t h a t   t h e   r a t i o s  
o f   t he   ro t a t iona l   angu la r  momenta Iw t o  the  magnet ic  moments M f o r   t h e   E a r t h ,  
Jupi ter ,  and   Sa tu rn   s a t i s fy   t he   fo l lowing   i nequa l i ty :  

0.7 < ( 2 x 10-15) < 3.5. 

Evidence  for  such  an  approximate  constancy  of  the b / M  r a t i o   f o r   a s t r o n o m i c a l  
bodies  was noted  by  Blacket t  many years  ago  (1947; 1949). He sugges t ed   t ha t  
t h i s   r a t i o   m i g h t  be a fundamental   property of matter b u t   l a t e r  showed t h a t   t h i s  

AI-2 
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TABLE: AI-2 

Mercury 

Venus 

Ear th  

Mars 

J u p i t e r  

Saturn- ~ 

Uranus 

Neptune 

Pluto 

Moon 

A1 -4 



i s  probably  not  the  case by experiments  in  deep  mines  in  the  Earth  and by 
laboratory  experiments. Even  more persuasive  evidence  for  the  lack  of  validity 
of  the  Blackett  hypothesis was noted by Van Allen e t   a 1  (1965)  on  the basis   of  
the  measured  upper l i m i t  on the moments of Mars and Venus (Table  Al-1). 

The "safet '   point-of-view i s  that  the  magnetic moment of  Uranus i s  
t o t a l l y  unknown. 

Nonetheless  empirical  evidence  gives some support t o  the  rule-of-  
thumb t h a t  I W / M  w lo1$ gm (seccm  gauss) ' l   for   "suff ic ient ly   large  bodies   that  
a r e   ro t a t ing   su f f i c i en t ly   r ap id ly" .   In   t h i s   c rude  framework, Venus may be 
character ized  as   being  large enough but   no t   ro ta t ing   rap id ly  enough  (244.3  day 
s iderea l   per iod)  ; Mars, a s   r o t a t i n g   r a p i d l y  enough (24h 37m) but  not  being 
l a rge  enough;  and the Moon and  Mercury,   as   meet ing  nei ther   cr i ter ion.   Saturn,  
Uranus,  and  Neptune  have rotation  periods  intermediate  between  those of J u p i t e r  
and  the  Earth  and  also  have  sizes,   gross  compositions,   and  internal  pressures 
intermediate  between  those  of  Jupiter and the  Earth.  

In   t he  s p i r i t  of the  foregoing  discussion, one may suggest,  under 
p e r i l  of  being  quite  wrong,  that  the  magnetic moment of Uranus i s  FJ 2 x 
gauss cm3 and the   su r f ace   equa to r i a l   f i e ld  i s  w 1.4  gauss. Even i f   t h i s  con- 
jec tured   va lue  i s  too  high by a fac tor   o f  100, there  w i l l  very   l ike ly  be magneto- 
spheric  phenomena a t  Uranus of h igh   i n t e re s t .  

A1.3 SOLAR W I N D  AT THE ORBIT OF VENUS 

The proper t ies   o f   the   so la r  wind have  been  measured over the   he l io-  
centric  distance  range  0.31 A.U. (Helios)  to  7.5 A.U. (Pioneer 10) .  Near the 
sun  the  solar wind ve loc i ty  i s  s t rongly   var iab le  (150-1000 km sec- l )   wi th   an  
i d e n t i f i a b l e   r e l a t i o n s h i p  of  high  velocity and low ve loc i ty   reg imes   to   spec i f ic  
regions on the  sun. With increas ing   rad ia l   d i s tance ,   the   range   of   var ia t ion  
diminishes  but  the mean value  remains  about  the same, o u t   t o   a t   l e a s t  5 A.U. 
(Collard and  Wolfe, 197.4). This mean value i s  w 400 km sec''. The  mean  number 
dens i ty   o f   pa r t i c l e s  i s  approximately  proportional  to  the  inverse  square  of  the 
d i s t a n c e ,   a s  i t  must be for   cons tan t   ve loc i ty  and sphe r i ca l ly  symmetric  expansion. 
Also in   the  range 0.3 - 5.0 A.U. ,  the   interplanetary  magnet ic   f ie ld   behaves  in  
an  essentially  simple  manner,   with  the  magnitude  of  the  radial  component 
decreasing  as  the  inverse  square of the  dis tance and t h a t  of the  azimuthal 
component dec reas ing   a s   t he   i nve r se   f i r s t  power (Smith,  1974). The r a d i a l  
dependence  of  these  gross  parameters  as  well  as  that  of  the more d e t a i l e d  
parameters of t he   so l a r  wind give no empirical   foundation  for  estimating  the 
posit ion  of  the  outer  boundary of the  directed  f low of  the  solar  wind,  sometimes 
cal led  the  hel iopause.  A s imi la r   l ack  of foundation  for  such  an  estimate 
emerges  from  the  lack  of  any  increase of g a l a c t i c  cosmic  ray  intensi ty  from 1.0 
t o  7.5 A.U. (Van Allen,  1975a). The most c r ed ib l e   o f   cu r ren t   t heo re t i ca l  
estimates  (Axford,  1973)  suggests a value  of w 50 A.U. a s   the   rad ia l   d i s tance  
of   the  hel iopause  in   the  direct ion  of   the  solar   apex.  

A t  the  orbit  of  Uranus  (19 A.U.) i t  i s  therefore  "reasonable",  though 
of  course  perilous,   to  adopt  values of  the  gross  parameters  of  the  solar  wind 
a s   i n  Table A1-3. 
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TABU7 A1-3  

Adopted  Solar Wind Parameters a t  
t h e  Orbit of Uranus 

Veloc i ty :  400 km s e c - l   ( r e l a t i v e l y   s t e a d y )  

Number Dens i ty  of  Protons 
and   E lec t rons :  0.014 c m 3  

& d i a l  Component of 
Magnet ic   Field:  - 0.012 7 

A z i m t h a l  Comgonent of 
Magnet ic   Field:  0.22 y 

Angle of Mean Magnetic ' 
Vector   to   Radius   Vector :  93" (+ s e c t o r )  

273" ( -  s e c t o r )  

A1 -6 



Al.4 INTERACTION OF THE SOLAR WIND WITH THE MAGNETIC FIELD OF URANUS 

(a) If, despite  the  simple-minded  basis  for  Table A1-3, t he   r ad ia l  
flow  of  the  solar wind ceases   inside 19 A.U. and i f  the  planet i s  unmagnetized, 
there  w i l l  be only  very weak magnetospheric phenomena a t  Uranus. 

(b) If t he   r ad ia l  flow  of  the  solar wind ceases   inside 19  A.U., 
b u t   i f   t h e   p l a n e t  is  magnet ized,   the   physical   s i tuat ion w i l l  be t h a t  of a magnet 
r o t a t i n g   i n  a tenuous,   nearly  static  plasma. Even i n   t h i s   c a s e ,  however,  there 
w i l l  be some r e l a t i v e   v e l o c i t y  between  the  planet  and  the medium because  of  the 
6.8 km s a  orbi ta l   ve loc i ty   o f   the   p lane t  and the presumed 20 km sec'l 
v e l o c i t y  of  the   so la r   sys tem  through  the   in te rs te l la r  medium. By analogy  with 
the   bes t   p reva i l i ng   i n t e rp re t a t ion   o f   t he  dynamics  of  the  Jovian  magnetosphere 
(Van Allen,  1975b; Gold, 1975), t h i s  low r e l a t i v e   v e l o c i t y  w i l l  probably be 
s u f f i c i e n t   t o   e s t a b l i s h  a s i g n i f i c a n t   a x i a l  asymmetry in  the  topology  of  the 
outer   magnet ic   f ie ld  and thus make it possible   for   internal   processes   to   develop 
a body of  magnetospheric phenomena, with  the  necessary  energy  being drawn  from, 
the  rotational  energy  of  the  planet.  

(c)  The stand-off  distance r of  the  magnetopause on the "windward" 
s i d e  of a planet  having  magnetic moment M i s  given  by  the  magnetohydrodynamic 
s tagnat ion  condi t ion 

where  n, m ,  and v a re   the  number dens i ty ,  mass, and d i rec ted   ve loc i ty   o f   p ro tons  
in  the  plasma, 

or  

Using  the  data 

. .  

o r  

of  Table AI-3 

1: = 40.3 M113 cm 

r/ru = 1.64 x M113 

wi th  ru = 24,500 km, the  equator ia l   radius   of   Uranus,  and M i t s  magnetic moment 
i n  gauss cm 3 . Examples are   given  in   Table  A1-4. 

TABLE A174 

Estimated  Standoff  Distances of 
Uranian  Magnetopause 

M 
2.25 x gauss cm 3 1.00 

2 x 10*5 4.45 
2 x 44.5 ("nominal") 
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I f  M i s  a s  small a s  2.2 x  (only 10 t imes   as   g rea t   as   for   Mars)  o r  l e s s ,  
the  magnetopause w i l l  be  tangent t o  t h e  t o p  of  the  atmosphere  in  a  manner 
resembl ing   tha t   a t   Venus .  No magnetosphere  containing  durably  t rapped  par t ic les  
c a n   e x i s t .  A t  the  "nominal"  value  of 2 x  1028  gauss cm3 a fu l ly   deve loped  
magnetosphere  of  large  dimensions may be  expected.  Even i f  M i s  comparable   to  
t h a t   o f   t h e   E a r t h ,  a fully  developed  magnetosphere may be   expec ted .   I f   the  
v e l o c i t y  of t h e   p l a n e t   r e l a t i v e   t o   t h e   l o c a l  plasma i s  a s  small a s  20 km sec'', 
t he   s t and-o f f   d i s t ance  r / q  = 16.4  for  M = 2 x or   1 .64   for  M = 2 x IO2% 

A1.5 SPECIAL FEATWS OF A URANIAN MAGNETOSPHERE 

The preceding   d i scuss ion  makes i t  a p p e a r   q u i t e   l i k e l y   t h a t   t h e r e   a r e  
magnetospheric phenomena assoc ia ted   wi th   Uranus .  

A va luab le   r ev iew  o f   t he   s ca l ing   p r inc ip l e s  of planetary  magneto- 
spheres  has  been  given by  Kennel  (1973) He adopts   as   p laus ib le  a  magnetic 
moment for  Uranus  of  1.9  x loz8 gauss cA3 ( c f .   S e c t i o n  A1.3 above)  and demon- 
s t r a t e s   t h a t ,   i n   s u c h  a c a s e ,   c o - r o t a t i o n   e f f e c t s  w i l l  domina te   d i f fus ion   e f f ec t s  
and   t ha t  a Uranian  magnetosphere w i l l  have  a c loser   phys ica l   resemblance  t o  t h a t  
o f   J u p i t e r   t h a n   t h a t  of the   Ear th .  

Uranus  has   a   c lose  regular   system  of   f ive known s a t e l l i t e s ,   a l l   o f  
whose o r b i t s  a r e   a c c u r a t e l y   c o p l a n a r  and n e a r l y   c i r c u l a r .  The r o t a t i o n  p e r i o d  
of   the  planet  i s  no t  known accura t e ly   bu t   t he   va lue  loh 4gm is  commonly adopted 
a s   b e i n g   c o n s i s t e n t   w i t h  both photometr ic   (cyc l ic   var ia t ion   o f   b r igh tness)  
and  spectroscopic  (Doppler tilt of s p e c t r a i   l i n e s   a c r o s s   t h e   v i s i b l e   d i s c )  
observations  (Alexander,   1965).   Measurements  of  the  oblateness  of  the  planet 
a r e   e x c e e d i n g l y   d i f f i c u l t   b u t   a p p e a r  t o  be   cons i s t en t   w i th   an   ax i s   o f   ro t a t ion  
perpendicular  t o  t h e   o r b i t a l   p l a n e   o f   t h e   s a t e l l i t e s .  A more persuas ive   a rgu-  
ment t o  the  same e f f e c t  i s  based on t h e   p e r s i s t e n t   c o p l a n a r i t y   o f   t h e   o r b i t s  
o f   s a t e l l i t e s  I - I V  over many y e a r s   o f   o b s e r v a t i o n .   I f   t h e   p l a n e   o f   t h e   o r b i t s  
were   no t   co inc iden t   w i th   t he   equa to r i a l   p l ane   o f   t he   p r imary ,   t he   s epa ra t e  
p l a n e s   o f   t h e   f o u r   s a t e l l i t e   o r b i t s  would  precess a t   d i f f e r e n t   r a t e s  and  co- 
p l a n a r i t y  would  be  destroyed  rapidly.  

According to   the   Explana tory   Supplement   (1961) ,   the   inc l ina t ion  (J) 
of t h e   o r b i t a l   p l a n e   o f   s a t e l l i t e s  I - I V  t o  the  equator  of  the  Earth  and  the 
r i g h t   a s c e n s i o n  (N) of  the  ascending  node  are 

I 
t 

N =: 1663051 + 090142 ( t  - 1900.0) 

J = 753 145 - OP0013 ( t  - 1900.0) 

i n  which t i s  t h e   J u l i a n   y e a r .  N and J a . re   re fe r red  t o  t h e   E a r t h ' s  mean equator  
and  equinox  of   date   ( t ) ,   the   t ime-variable   terms  in   the  above  expressions  being 
a t t r i b u t a b l e   e n t i r e l y   t o   t h e   p r e c e s s i o n   o f   t h e   e a r t h ' s   r o t a t i o n a l   a x i s  
(Duncombe, 1975). 

The r o t a t i o n   a x i s  of t he   p l ane t  i s  assumed t o  be pe rpend icu la r   t o   t he  
above  plane,   with i t s  angular  momentum ( i .e . ,   "nor th")   po le   south   o f   the  
e c l i p t i c   p l a n e  by  8'. 
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A p l o t  of  the  angle 
6 between the   ax is  of  the  planet 
and the  planet-sun  l ine i s  
shown in  Figure A l - 1 .  The min- 
imum value o f  6 occurs   in  
October  1985; p i s  less than 
10" f o r   a n   i n t e r v a l  of 1000 
days  centered on t h i s   d a t e .  

No other  planet  has 
a r o t a t i o n   a x i s   t i l t e d  more 
than 29" t o  i t s  orbi t   p lane.  
Thus,  the  extraordinary 
o r i e n t a t i o n  o f  t he   ro t a t ion  
a x i s  o f  Uranus makes it a planet 
of s p e c i a l   i n t e r e s t   f o r  many 
types of i nves t iga t ions .  The 
a x i s  i s  near ly   a l igned  with  the 
p lane t -sun   l ine   in   the   years  
1985  and  2027,  whereas i t  i s  
perpendicular  to  the  planet-sun 
l i n e   i n   t h e   y e a r s  2006 and 2048. 

There i s ,  as   discussed 
e a r l i e r ,  no d i r e c t  knowledge of  
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APPENDIX A2 

INTERPLANETARY OBSERVATIONS 

A 2 . 1  INTRODUCTION 

In   t he  low energy  region  (Protons and Electrons of  0.1 - 20  MeV) 
i t  has  been  generally assumed tha t   the   p r inc ipa l   sources  of  the   energe t ic  
par t ic les   observed  in   interplanetary  space  near  1 A.U. were s o l a r   p a r t i c l e s  
and g a l a c t i c  cosmic  rays. However recent  observations of Explorers  and Deep 
Space  Missions  have  demonstrated  there  are a large number of  additional  sources 
inc luding   e jec t ion  from the  magnetosphere of t he   ea r th ,   Jup i t e r  and  Mercury 
a s  well a s  what  appears t o  be in te rp lane tary   acce le ra t ion   processes .  The 
propert ies   of   these new pa r t i c l e   sou rces   a r e  s t i l l  being  explored. However i t  
i s  expected  that   the   par t ic les   themselves  w i l l  ac t   as   l a rge   sca le   p robes  of 
the  heliosphere.  It appears   that  dynamic, large  scale,   astrophysical  plasmas 
genera l ly   acce le ra te   energe t ic   par t ic les .   In   th i s   appendix  some of  the  recent 
observations w i l l  be p re sen ted   i n   g rea t e r   de t a i l .  It i s  expected  that   as  new 
regions of the  hel iosphere  are   explored,  new processes w i l l  reveal  themselves 
th rough   t he i r   e f f ec t  on e n e r g e t i c   p a r t i c l e s .  For  example, p a r t i c l e s   e j e c t e d  
from a Uranus  magnetosphere  would  provide  ideal  probes of the  outer  heliosphere.  
A s  Vogt and  SPscoe  (1975)  have  emphasized, a new regime  of  plasma i n s t a b i l i t i e s  
i s  expected beyond  10 A.U. i n   add i t ion   t o   t he   gene ra t ion  of large  amplitude 
electromagnetic waves  by n e u t r a l   i n t e r s t e l l a r   p a r t i c l e   i o n i z a t i o n   i n   i n t e r -  
planetary  space.  There i s  every  reason  to   bel ieve  that   the   outer   hel iosphere 
w i l l  be a s   r i c h   i n  new e n e r g e t i c   p a r t i c l e  phenomena as  has  been  observed a t  
1 A.U. For  example,  Fisk e t   a l . ,  1974,  have  postulated  that   the  ionization 
and acce le ra t ion  of i n t e r s t e l l a r   n e u t r a l s   i n   t h i s   r e g i o n   c o u l d  be the  source 
of  the  recently  discovered anomalous He, N,  0 and Ne. This i s  d iscussed   fur ther  
i n  Appendix A3. In   th i s   appendix   Jovian   e lec t rons   in   in te rp lane tary   space  and 
interplanetary  accelerat ion  processes   are   discussed  in  more complete d e t a i l .  
They are   considered  " typical"  of   the  diverse   interplanetary phenomena. 

A2.2 J O V I A N  ELECTRONS IN INTERPLANETARY  SPACE 

A s  Pioneer 10 approached  Jupiter  both  the  University  of  Chicago 
(Chenette e t   a l . ,  1974)  and  the  GoddardhJniversity o f  New Hampshire experi-  
ments  (Teegarden e t  a l . ,  1974)  observed low energy (- 0.2 - 8 MeV) e l e c t r o n  
i n c r e a s e s   a t  - 1 A.U. from  the  planet.   These  discrete  bursts  or  increases 
were t y p i c a l l y   s e v e r a l  hundred  times  the  normal  quiet-time  electron  flux  and 
became much more frequent   as  one approached  Jupiter  (Fig.  A2-1).  Close  to 
Jupi te r ,   bu t   wel l   ou ts ide  i t s  magnetosphere,  there i s  the  quasi-continuous 
presence o f  l a rge   f luxes  of  these   e lec t rons .  

These  observat ions  suggested  that   Jovian  e lectrons  should be observ- 
a b l e   a t  1 A.U. Previously i t  had  been  reported  that  the  3-12 MeV e l e c t r o n  com- 
ponent  detected by the IMP s e r i e s  (McDonald e t  a l . ,  1972)  frequently  identi-  
f ied  posi t ive  increases   of   these  e lectrons  that   could  not  be associated  with 
d i sc re t e   so l a r   even t s .  These  "quiet-time' '   increases  represented a factor   of  
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3-5  i n c r e a s e   i n   i n t e n s i t y   a n d  
l a s t e d  from 5-12 days.  They d i s -  
played a r emarkab le   an t i -  
cor re la t ion   wi th   low-energy  
p ro ton   even t s   and   t he i r   ampl i tude  
was observed   to   genera l ly   d iminish  
toward   so la r  maximum. Reexam- 
i n a t i o n   o f   t h e  IMP da ta   r evea led  
t h a t   t h e s e   i n c r e a s e s   h a v e  a 13 
month p e r i o d i c i t y   ( F i g .  A2-2), 
i n d i c a t i n g  a J o v i a n   o r i g i n   f o r  
t he   "qu ie t  time" events   observed  
n e a r   e a r t h .  

I n   F i g .  A2-3 t he  time 
o f   t h e   y e a r   t h a t   t h e   e a r t h  
c r o s s e s   J u p i t e r ' s   f i e l d   l i n e  i s  
p lo t ted   for   each   year   f rom 1964- 
1974. The v e r t i c a l   b a r s   i n   t h e  
p l o t   g i v e   t h e   d u r a t i o n   o f   t h e  
pe r iods  when the   qu ie t   t ime  
i n c r e a s e s  were present .   With 
the   except ion   of   the  1964 b a r ,  
a l l   t h e   p e r i o d s   f a l l   c l o s e   t o  
o r   c o n t a i n   t h e   p r e d i c t e d  time of 
c r o s s i n g   J u p i t e r ' s   f i e l d   l i n e  
Th i s  i s  a f u r t h e r   i n d i c a t i o n  
t h a t   J o v i a n   e l e c t r o n s   a r e   b e i n g  
d e t e c t e d   a t  1 A.U. Further-  
more, t h e   s p e c t r a  o f  elec- >- 
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Fig. A2-1. The da i ly   average   count ing  
r a t e s   f o r  6 . 2 -  t o  8-MeV e l e c t r o n s  on 
( a )   P ionee r  10 and  (b)  Pioneer 11. The 
b l a c k   r e c t a n g l e s   i n d i c a t e   t h e   l a r g e r   s o l a r  

t rons   obse rved   i n   Jup i t e r ' s   cosmic - ray   even t s .  Most of t h e s e   a r e   o f  
outer  ma.gnetosphere, i n   t he   l ow-ene rgy   co ro ta t ing   t ype .   (Af t e r  
in te rp lane tary   space   near   Teegarden  e t  a l . ,  1974) 
J u p i t e r ,   f o r   t h e   q u i e t - t i m e  " 

increases   near   the   ear th   and   for   the   ambient   e lec t ron   spec t rum  a re   a l l   remark-  
ab ly   s imi l a r .   These   l i nes   o f   ev idence   sugges t   t ha t   Jup i t e r  i s  the   source   o f  

energy  spectrum  (Fig.  A2-4),  i t  i s  s e e n   t h a t   t h e   e n t i r e  low energy  spectrum 
from 0 . 2  t o  40  MeV i s  r e m a r k a b l y   d i f f e r e n t   f r o m   t h e   r e l a t i v e l y   f l a t   d i f -  
fe ren t ia l   spec t ra   measured   f rom - 40 MeV t o  - 1 GeV. Above 1 GeV the  measure- 
ments  approach a power law o f  - E'3. Since   t he   spec t r a l   shape   o f   t he  low- 
energy component i s  c o n s i s t e n t - w i t h   t h a t   o f  knock-on e l ec t rons   p roduced   i n  
i n t e r s t e l l a r  space by  higher-energy  nucleons,  it has   been   gene ra l ly  assumed 
t h a t   t h e y   w e r e   i n t e r s t e l l a r   s e c o n d a r i e s .  However, t h i s  model r e q u i r e s   t h a t  
t h e   t o t a l   s o l a r   m o d u l a t i o n   a t  low e n e r g i e s  be l e s s   t h a n  a f a c t o r   o f  - 5 .  The 
t o t a l   s o l a r   m o d u l a t i o n  i s  the   impor t an t   ques t ion .   Th i s . can  be e s t ima ted  by 
comparing  simultaneous  Pioneer  and IMP d a t a .   I n   F i g .  A2-5 da i ly   ave rages  
a r e   p l o t t e d   f o r  an8 month per iod  extending  f rom December 1973 t o   J u l y  1974. 
The s e n s i t i v i t y   o f   t h e   P i o n e e r   d a t a   h a s   b e e n   i n c r e a s e d   b y   u s i n g   t h e   p u l s e  
he ight   in format ion .  It i s  r e a d i l y   s e e n   t h a t   J o v i a n   e l e c t r o n s   a r e   p r e s e n t   f o r  
t h e   e n t i r e  8 month pe r iod .  The mid-December 1973 i n c r e a s e   o c c u r s   e s s e n t i a l l y  
s i m u l t a n e o u s l y   a t   t h e  2 spacecraf t .   Us ing   the  known geometr ic   fac tors   and  

' most  of  the low energy   e lec t rons   observed  a t  1 A . U .  I f  we examine   t he   en t i r e   e l ec t ron  
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ELECTRON  TIME  HISTORY 
(13-MONTH  INTERVALS)  
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Fig. A2-2a. Imp 3,  4  (McDonald e t  a l . ,   1972) ,  and 5 
(M. A. I. Van Hollebeke,  private  communication,  1974) 
3- t o  12-MeV d a t a   p l o t t e d   i n  13-month epochs,  (a)  from 
March 1964 t o  June  1969  and  (b)  from Ju ly  1969 t o  
September  1972. The dashed  l ine i s  a convenience  for 
ident i fy ing   the   e lec t ron   increases .   There  stil.1 may be 
ma jo r   so l a r   con t r ibu t ions   i n  some periods  such  as 
Ju ly  28 t o  August 10, 1966,  and  September 20 t o  October 10, 
1966. The 13-month pe r iod ic i ty  i s  c l ea r ly   de f ined ,  and 
the  ampli tude  decreases   over   solar  maximum (-1969). A 
background  subtraction  has  not  been made fo r   t he   da t a  
a f t e r   J u l y  1969.  (After  Teegarden e t   a l . ,  1974) 

A2-3 



ELECTRON TIME  HISTORY 
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JULY 

dura t ion   o f   t he   pe r iods  when q u i e t  time 

epochs shown i n   F i g .  A2-2. Arrows i n d i c a t e  

owing t o  a data   gap.  The d i a g o n a l   l i n e  
r e p r e s e n t s   t h e  time o f   t he   yea r   t ha t   an  
i d e a l i z e d   s p i r a l   i n t e r p l a n e t a r y   m a g n e t i c  
f i e ld   l i ne   wou ld   connec t   t he   ea r th   and  

350  km/s being  assumed.  (After  Teegarden 
s t  - - e t   a l . ,  1974) 
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observation of MeV e lec t rons  
on Pioneer 11 and IMP 7 .  The 
s e n s i t i v i t y  of Pioneer 11 has 
been  extended  over  that  of 
Fig. A2-1 by the  use o f  pulse 
height  information. 



background  response  a  gradient  of - 150%/A.U. i s  found. I n   a d d i t i o n  it i s  
seen   t ha t   t he   even t s  become l a r g e r  on P ioneer  11. It a p p e a r s   p o s s i b l e   t h a t  
the  0.2-40 MeV e lec t rons   obse rved   nea r   ea r th   a r e   ma in ly   o f   Jov ian   o r ig in .  
I n   a d d i t i o n  it  i s  expec ted   t ha t   Jov ian   p ro tons  w i l l  be r e l e a s e d   a t   t h e  same 
t ime .   The i r   ene rgy   spec t r a   a r e   s t eep  (T-4)  and i n   t h e   J o v i a n  outer magneto- 
sphe re   t hey   a r e   gene ra l ly  - 1% o f   t h e   e l e c t r o n   f l u x   a t  a given  energy i n  the  
magnetosphere. 

It i s  expec ted   t ha t   Mercu ry   shou ld   i n j ec t   e l ec t ron  bursts i n t o   t h e  
i n t e r p l a n e t a r y  medium. Such ac t iv i ty   has   l ong   been   a s soc ia t ed   w i th   t he  
e a r t h ' s  own magnetosphere .   In   fac t ,   the  APL experiment  on IMP's 7  and 8 shows 
t h a t  when the . 3  - 1 MeV pro ton   f l ux  is  a t   t h e   l o w e s t   l e v e l ,   e s s e n t i a l l y   a l l  
the   nuc leon   f lux  i s  coming  from the   ea r th ' s   magne tosphe re .   Th i s   e j ec t ion  
f e a t u r e   a p p e a r s   t o  be  a g e n e r a l   c h a r a c t e r i s t i c  of  planetary  magnetospheres.  
W i t h   t h e   f a r   g r e a t e r   s e n s i t i v i t y   o f   o u r  MJU instrument (- 30X t h a t   o f  
P ioneer  10 and 11) i t  should be p o s s i b l e   t o  map Jovian   e lec t ron   emiss ions   ou t  
t o   v e r y   g r e a t   h e l i o c e n t r i c   d i s t a n c e s   a s   w e l l   a s   i d e n t i f y i n g   U r a n i a n   p a r t i c l e  
emissions when t h e   s p a c e c r a f t  i s  v e r y   f a r  f rom  the  planet .  

A2.3 INTERPLANETARY ACCELERATION 

Co-rotating  streams  of  protons  and  electrons  are  the  dominant  type 
of low ene rgy   ( i . e .  - . l -10 MeV) even t   obse rved   a t  1 A.U. T h e i r   c h a r a c t e r i s t i c s  
a r e   s i g n i f i c a n t l y - d i f f e r e n t  f rom  those   o f   f la re -assoc ia ted   increases .  The 
r i s e  and  decay  t imes  are   general ly   s lower  and more symmetric  with l i t t l e   o r  
no   sys t ema t i c   ve loc i ty   d i spe r s ion   obse rved   du r ing   t he   onse t   phase .  They 
t y p i c a l l y   l a s t   f o r  4-10 days,   suggest ing  widths   of  - 60-150" a t  1 A.U. While 
the re  i s  no a p p a r e n t   c o r r e l a t i o n   w i t h   s o l a r   f l a r e  and  type I V  r ad io   emis s ion ,  
t he re  i s  an   assoc ia t ion   wi th   increased   geomagnet ic   ac t iv i ty ,   changes   in   the  
i n t e r p l a n e t a r y  medium,  and w i t h   d e c r e a s e s   i n   t h e   g a l a c t i c   c o s m i c   r a y   i n t e n s i t y .  
The ene rgy   spec t r a   o f   t he   co - ro ' t a t ion   even t s   a r e   su f f i c i en t ly   s t eep  so  
t h a t   t h e y   a r e   r a r e l y   d e t e c t e d   a b o v e  20 MeV. I n  many c a s e s   t h e   e l e c t r o n  peak 
i n t e n s i t y   ( a t  - 40 keV) may occur   s eve ra l   hour s   be fo re   t he  maximum pro ton   f l ux .  
M u l t i - s p a c e c r a f t   s t u d i e s   i n d i o a t e   t h a t   t r a n s v e r s e   d i f f u s i o n  of p a r t i c l e s  
a c r o s s   i n t e r p l a n e t a r y   m a g n e t i c   f i e l d   l i n e s   i n   t h e s e   e v e n t s   a p p e a r s   t o  be 
n e g l i g i b l e .  A comprehensive  survey  of  these  events  has  been  given by McCracken 

* 3 and Rao (1969). It was expec ted   t ha t   t hese   co - ro t a t ing   s t r eams  would  diminish 
r a p i d l y   w i t h   r a d i a l   d i s t a n c e  due  both t o   a d i a b a t i c   e n e r g y  l o s s  and s p a t i a l  
e f f ec t s   (G leeson   e t   a l . ,   1971 ;   G leeson   1971) .  

The Pioneer  10 and 11 s p a c e c r a f t   w i t h  IMP's 7 and 8 a t  1 A.U. provide 
a n   i d e a l  means of   s tudying  the-   propagat ion  dynamics  of   these  co-rotat ing 
s t reams.  The P i o n e e r   t r a j e c t o r i e s   a r e   s u c h   t h a t   o u t   t o  - 3 A.U. each  space- 
c r a f t  i s  w i t h i n  25" o f   t h e   n o m i n a l   i n t e r p l a n e t a r y   m a g n e t i c   f i e l d   l i n e   i n t e r -  
cep t ing   the   ear th   (assuming a  plasma v e l o c i t y   o f  400 km/sec). The f i r s t  
3.6  months  of  data  from  Pioneer 11 along  wi th   tha t   f rom IMP 7 i s  shown i n  
Fig.  A2-6 f o r  1 . 2  - 2.1  MeV protons.  The i n i t i a l  agreement  between  the  two 
d a t a   s e t s  i s  q u i t e  good.  This  correspondence  between  the  data  sets  remains 
r e a s o n a b l e   u n t i l   P i o n e e r  11 reaches   1 .3  A.U. i n  June  1973 when t h e r e  i s  an  
i n c r e a s e   a t   P i o n e e r  11 on  June  5 t h a t  i s  a f a c t o r   o f  - 1 2  l a r g e r   t h a n   a t  IMP. 
T h i s   d a t a   s e t   c e r t a i n l y   r e v e a l s  no s y s t e m a t i c   d e c r e a s e   i n   t h e   i n t e n s i t y   o f  
t he   co - ro t a t ing   s t r eams   a s   had   beenpred ic t ed .  To s tudy  the  behavior   of   the  
streams a t   g r e a t e r   h e l i o c e n t r i c   d i s t a n c e s ,   t h e  same Pioneer  11 and IMP 7 
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ene rgy   i n t e rva l s   a r e  shown i n  
Fig.  A2-7 f o r   t h e   s i x  month 
period from 1 November 1973 t o  
1 May 1974 during  which  Pioneer 11 
moved from  2.68 t o  3.94 A.U. The 
Jovian   e lec t ron   da ta   ind ica tes   the  
co- ro ta t ion  time between  the two 
spacecraf t  was less than 1 day i n  
mid-December and. was  on the  order  
of 5 days in   ea r ly   Apr i l .   No t i ce  
tha t   t he   f l a r e -a s soc ia t ed   i nc rease  
on November 2 ,  1973 i s  reduced by 
a factor  of  50  between IMP 7 
and Pioneer 11. 

l '  

The remaining 14 p a r t i c l e  
i n c r e a s e s   i n   t h i s  6 month period 
which  have  peak  fluxes a t  Pioneer 11 
> 1 proton/cmZ-sec-ster-MeV. appear 
t o  be co-rotating  streams.  Three 
of  these  have  approximately  the same 
peak i n t e n s i t y   a t   b o t h   s p a c e c r a f t  
(within 5 25%), 10 a r e   l a r g e r   a t  
Pioneer 11 and 1 i s  l a r g e r   a t  IMP. 
I n  most cases   the  Pioneer  11 events  
a r e   l a r g e r  by a fac tor   o f  10 t o  20. 
Th i s   l a rge   i nc rease   i n   i n t ens i ty  is  
remarkably  different  from the  con- 
ven t iona l   expec ta t ions   t ha t   ad i aba t i c  
energy loss  processes   associated  with 
convection  processes  in  the  expanding 
s o l a r  wind  would  reduce  these  streams 
to   neg l ig ib l e   p ropor t ions  by 3 A.U. 
The s o l a r  wind t r a n s i t  time  between 1 
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Fig. A2-7. This i s  a s i m i l a r   d a t a   s e t  
t o   t ha t   o f   F ig .  A2-6 for   the   per iod  
when Pioneer 11 i s  between 2.7 and 
3.8 A.U. Desp i t e   t he   r e l a t ive ly   r ap id  
r i s e  time of many of  the  Pioneer 11 
increases ,   there  i s  no  evidence  for 
any  veloci ty   dispers ion.  Only the  
e v e n t   i n   e a r l y  November appears   to  be 
a flare-associated  one.  

and 3 A.U. i s  on  the  order of  10 days  and  the  co-rotation  delays  are  1-5  days.  

A2-7 



S i g n i f i c a n t   t e m p o r a l   v a r i a t i o n s   i n   t h e   s t r u c t u r e   o f   t h e s e   s t r e a m s   c o u l d   b e  
expected Over these   t imes .   Never the less ,   over  more t h a n   s i x   s o l a r   r o t a t i o n s ,  
t he re  i s  on ly   one   ca se   where   t he   s t r eams   a r e   subs t an t i a l ly   l a rge r   a t  1 A.U. 
t h a n   a t  3-4 A.U. As emphasized e a r l i e r ,  new e f f e c t s   c o u l d  be expected  and 
have  been  predicted  for   the  outer   hel iosphere.  

Using  the  data  from Zond 3 and  Venus 2 during  the  1965-66  period, 
Vernov e t  a l . ,  1970, found a p o s i t i v e   g r a d i e n t  of > 200%/A.U. for   1-5 MeV 
protons.  They c o n s i d e r e d   t h i s  may occur when the   in te rp lane tary   magnet ic  
f i e l d   a t   g r e a t   d i s t a n c e  from  the  sun  "becomes  chaotic  and  the  process  of 
pro ton   accumula t ion   takes   p lace ."   In   the  same paper   the  authors   note   the 
f requent   assoc ia t ion   of   co- ro ta t ing   s t reams  wi th   Forbush   decreases   and   ra i se  
t h e   p o s s i b i l i t y   t h a t   t h e  1 MeV p r o t o n s   a r e   a c c e l e r a t e d  by the  inhomogeneties 
of   the   so la r   wind .  

It i s  n e c e s s a r y   t o   e s t a b l i s h   t h a t   t h e s e   i n c r e a s e s   a r e   n o t   o f   J o v i a n  
o r i g i n .  The d rama t i c   i nc reases   i n  MeV Jov ian   e l ec t rons   s een  on Pioneer  10 
and 11 are   no t   observed   for   p ro tons .  Some Jovian  proton  increases   have  been 
r epor t ed  (Simpson e t  a l . ,   1975 ;   T ra ino r  e t  a l . ,  1975)   bu t   they   a re   smal le r  
and much l e s s   f r e q u e n t   t h a n   t h e   e l e c t r o n   i n c r e a s e s .   F u r t h e r m o r e ,   a n   a n t i -  
co r re l a t ion   has   been   e s t ab l i shed   be tween   co - ro t a t ing   p ro ton   s t r eams   and  
J o v i a n   e l e c t r o n   i n c r e a s e s   s e e n   a t  1 A.U. (McDonald e t  a l . ,   1972) .  A d i r e c t  
comparison  between  the  Pioneer 11 f l u x   o f  MeV e l e c t r o n s  and  the  f lux o f  
p r o t o n s   f o r   t h e   s i x  month 
period  extending  from 
December  1973 - 1 May 1974 AU 3 0  3 25 3.5 

shows no  apparent   cor-  
r e l a t i o n  betw3en  the two Ln 
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expla in   the   g rowth   of   these  
proton  s t reams i s  inter-  
p l ane ta ry   acce le ra t ion .   F ig .  A2-8.  Comparison  between t h e  
Severa l  forms of i n t e r p l a n -   P i o n e e r  11 MeV pro ton   and   e lec t ron   da ta  
e t a r y   a c c e l e r a t i o n   h a v e   f o r   t h e   p e r i o d  December  1973 t o  June  1974. 
been  s tudied i n  the  past .   There  are   no  obvious  correlat ions  between 
One, p a r t i c l e   a c c e l e r a t i o n   t h e   J o v i a n   e l e c t r o n   i n c r e a s e s   a n d   t h e  
by in te rp lane tary   shock   co- ro ta t ing   p ro ton   s t reams.  The  dynamic 
waves, i s  reasonably w e l l  behavior   o f   bo th   types   o f   events   i s  
understood  (see  for   example  c lear ly   evident .  
S a r r i s  e t  a l . ,   1974) .   There  
may be a standing  shock  between slow and f a s t   s o l a r   w i n d   r e g i o n s   a n d   t h i s  
could  play a r o l e   i n ' t h e   p r e s e n t   o b s e r v a t i o n s .  A second   poss ib i l i t y   has   been  
suggested  by  Jokipii  (1971)  and  Wibberenz  and Beuermann  (1971) who demonstrated 
tha t   s econd   o rde r   Fe rmi   acce le ra t ion   cou ld   be   an   impor t an t   p rocess   o f  low 

DEC JAN  FEE MAR APR MAY 
1974 
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e n e r g y   s o l a r   p a r t i c l e s   i n   t h e   i n t e r p l a n e t a r y  medium. This was o r i g i n a l l y  
considered to   exp la in   t he   obse rva t ions   o f  Murray e t   a l . ,   1 9 7 1 , t h a t   t h e  
pro ton   energ ies   for  a smal l   f la re   event  were decaying  with a time-constant 
much longer  than  expected  from  adiabatic  decelleration.  Invoking  magnetic 
i r r e g u l a r i t i e s  moving i n  both   d i rec t ions   a long   in te rp lane tary   f ie ld   l ines ,  
with  the  Alfven  velocity VA, Jokipi i   obtained  the  fol lowing  expression  for   the 
r a t e  of  Fermi acce le ra t ion :  

T =  

K 1 1  = 

B =  

n =  

mP - 
- 

TF = 

Par t ic le   k ine t ic   energy  

P a r a l l e l   d i f f u s i o n   c o - e f f i c i e n t  

Magnitude  of  the  interplanetary  magnetic  f ield 

proton  densi ty  of t h e   s o l a r  wind 

mass of  the  proton 

c h a r a c t e r i s t i c   a c c e l e r a t i o n  time 

Taking K11 = 5 ~ 1 0 ~ ~ c m ~ - s e c   ( J o k i p i i ,  1971), n = 4 protons/cm , 3 
B = gauss  gives TF M 44 hours. 

Competing w i t h   t h i s   e f f e c t  i s  ad iaba t ic   cool ing   g iven  by 

1 

For  spherically  symmetric  expansion  and V = 500 km/sec, Tad FJ 60 
hours.  These estimates ind ica t e  TF and Tad can be  of the  same order .  

Preliminary  examination  of  the plasma d a t a   a t  1 A.U. r evea l s   t ha t  most 
of   these  co-rotat ing  increases   are   associated  with  increases   in   the plasma 
ve loc i ty .  The presence  of slower speed  solar  wind streams may i n h i b i t   t h e  
free  expansion  of  the  higher  speed  region  and  reduce  the  effect  of ad iaba t i c  
energy l o s s  a l though  there  i s  no   ev idence   in   the   par t ic le   da ta   to   suppor t   th i s .  
This   s t ream-s t ream  in te rac t ion   a l so   es tab l i shes  a turbulent   interface  region 
which  could  supply  the  magnet ic   i r regular i t ies   for   accelerat ing  the  par t ic les .  
Belcher  and  Davis  (1971)  have shown t h i s   i n t e r f a c e   r e g i o n   i s  where  Alfven 
d i s c o n t i n u i t i e s   a r e   l a r g e s t  and  where it  appears  most  probable  that  they  are 
b i -d i rec t iona l   a long   the   f ie ld   l ines .   Fur ’ ther   s tud ies   a re   necessary   to   conf i rm 
t h a t   i n t e r p l a n e t a r y  Fermi acce le ra t ion  i s  an  important  process  and  whether i t  
i s  p r inc ipa l ly  a f i rs t   order   process   associated  with  shock  f ronts   or   whether  i t  
i s  second  order  as  proposed  by  Jokipii .  The presence  of  large  f ield-aligned 
anisotropies   (Krimigis  e t  a l . ,  1971) may be d i f f i c u l t   t o   e x p l a i n  by t h i s  
process  and  the  value  of K 1 1  a t  low energies  i s  not  wel l  known. 

These p rocesses   r a i se   t he   poss ib i l i t y   t ha t  some co - ro t a t ing   pa r t i c l e  
increases   o r ig ina te  from the   supra thermal   d i s t r ibu t ion   in   the   so la r  wind  and 
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are n o t   a c c e l e r a t e d  a t  t h e   s u n .   T h i s ,  of cour se ,  i s  a s p e c u l a t i v e   o b s e r v a t i o n  
on  which .some l i g h t  n q  be  shed  by the Helios   and MVM e n e r g e t i c   p a r t i c l e  
experiments,  as w e l l  as by obse rva t ions  of the  charge  composi t ion of t h e s e  
even t s  . 

The  dynamic  and  ever-present  nature  of  these two processes  - 
Jov ian   emis s ion   and   i n t e rp l ane ta ry   acce le ra t ion  - is c l e a r l y   r e v e a l e d  
i n   t h e   d a t a  of Pig., A2-8. There i s  now vary  prel iminary  evidence  beyond 
J u p i t e r  of  cross-coupling  between  the two p r o c e s s e s   a n d   t h e   r e s u l t i n g  
f u r t h e r   a c c e l e r a t e o n  of t h e   J o v i a n   e l e c t r o n s .  The M J U  exper iment   wi th   the  
extended  low  energy  coverage  of  the MTA is i d e a l l y   s u i t e d   t o   f u r t h e r   s t u d y  
t h i s  as w e l l  as new p rocesses .  The cha rge   compos i t ion   capab i l i t i e s   o f   t he  
ELET shou ld   a l so   p rov ide   an   impor t an t   d i agnos t i c   t oo l   fo r   i den t i fy ing   t he  
n a t u r e  of t h e   v a r i o u s   a c c e l e r a t i o n   p r o c e s s e s .  
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AF'PENDIX A3 

CHARGE AND MASS SPECTRA OF THE GALACTIC COSMIC RAYS 

113.1 INTRODUCTION 

Cosmic-ray  astronomy is  the   s tudy  of charged  par t ic les  which a r e  
a c c e l e r a t e d   i n   t h e  most ene rge t i c  of astrophysical  plasmas and  whose compo- 
s i t i o n  is  d i r e c t l y   r e l a t e d   t o   t h e   s y n t h e s i s  of mat ter  of which t h e   e a r t h  and 
sun  are  made.  The acce le ra t ion   p rocess   c r ea t e s   pa r t i c l e s  whose energies  span 
the  range  from a t  least l o 6  to   g rea t e r   t han  1020 eV. All nuc le i   t ha t  are 
con ta ined   i n   t he   pe r iod ic   t ab l e  of the  elements  as well as e l ec t rons  and  posi- 
t rons  are p r e s e n t   i n   t h e   g a l a c t i c  cosmic r ad ia t ion .  

The g r e a t   i n t e r e s t   i n   t h e s e   p a r t i c l e s  comes from t h e   f a c t   t h a t   t h e y  
are  the  only  sample of s t e l l a r  matter tha t   reaches  us di rec t ly   f rom  outs ide  
the   so la r   sys tem and their  composition  can  be  determined  with much b e t t e r  
precis ion  than any o the r   ex t r a - so la r   d i s t r ibu t ion .  As such,  they  provide a 
probe  for  studying a number of  major  questions  in  astroihysics.   In  particu- 
l a r ,  the  charge and mass spectra   should  reveal   the   nature  and h i s t o r y  of t h e  
source  regions.  Many other  fundamental   questions  can  be  answered  by  careful 
ana lys i s  of one  or several e s sen t i a l   pa r t i c l e   pa rame te r s ;   fo r  example: 

1. What processes of nucleosynthesis  create the  material i n   t h e  
cosmic  ray  source  region?  This  can  be  answered by studying  the  charge and 
isotope  composition  over a wide  range  of  energy. 

2 .  What mechanisms a c c e l e r a t e   t h e   g a l a c t i c  cosmic r ays?  Does 
the  accelerat ion  take  place  during  or   af ter   nucleosynthesis?   Energy  spectra  
and  isotopic  composition- as a func t ion  of  energy w i l l  provide a so lu t ion .  

3.  How f a r   have   t he  cosmic  rays  travelled,  and haw do they  propa- 
g a t e   i n   t h e   i n t e r s t e l l a r  medium? Such questions  have been p a r t l y  answered 
by measuring  the  abundances  and  energy  spectra  of  selected  elements  such as t h e  
l i g h t  L nuc le i :  L i ,  Be and B. This   has   been   poss ib le   because   nuc le i   in   th i s  
group a r e   u n l i k e l y   t o   b e  produced  by the  primary  nucleosynthesis  process and 
can  only stem from  fragmentation of heavier   nuc le i  and co l l i s ions   wi th   mat te r  
as they  propagate  through  the  galaxy.  This work can  be  greatly  inproved upon 
by the   s tudy  of isotopes.  For  example,  the  cosmic  ray  lifetime  can  be  deter- 
mined  by t h e  measurement  of  unique  radio-isotopes  such  as 1OBe which  represent 
radioact ive  "clocks.  I t  

4 .  The recent  discovery of  anomalous  oxygen  and nitrogen  enhance- 
ments  below 30 MeV/nucleon  (McDonald, e t  aL., 1974)  suggest  that   the 
na tu re  of t h e  low energy (150 MeV/nucleon)  cosmic rays is  very 
d i f f e r e n t  from that  observed a t  higher   energies .  Are the re  new sources of 
cosmic  rays a t   t h e s e   e n e r g i e s ?  

To f u l l y  answer these  quest ions i t  is  of f i r s t  importance  that 
measurements be  made over  an  extended  range  of  energy  and a t   s u f f i c i e n t l y  
large  dis tances   such  that   modulat ion and ad iaba t i c   ene rgy   l o s s   e f f ec t s  are un- 
important. 
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In   t h i s   append ix  w e  review b r i e f l y  what is known of t he   cha rge  and 
mass composi t ion  and  a t tempt   to   highl ight   where  important  new advances  can 
be made. 

With t h e   s t e a d y  improvement  of d e t e c t o r   s y s t e m s   a n d   t h e   a v a i l a b i l i t y  
of  balloon  and s a t e l l i t e  miss ions ,   there   has   been  a d r a m a t i c   i n c r e a s e   i n   o u r  
understanding  of  the  primary  cosmicrray  charge  composition a t  1 AU. The 
p i c t u r e   t h a t   h a s   c l e a r l y  emerged i s  tha t   t he   compos i t ion   changes   s ign i f i can t ly  
from  one  energy  regime t o   a n o t h e r .  

A3.2 ELEMENTAL ABUNDANCE 

The observed   re la t ive   abundance  of the   e lements  a t  medium energy 
(%.2-1 GeV) can  be  regarded as be ing  well determined a t  l eas t  up t o   S i l i c o n  

s incemost   o f   the   observa t ions   wi th  good s t a t i s t i c a l   w e i g h t  show r a t h e r  
good  agreement. The present   knowledge  of   the  abundance  dis t r ibut ion  of   the 
elements   in   the  range  f rom a few  hundred  MeV/nucleon to   abou t  1 GeV/nucleon 
f o r  Oxygen t o   I r o n  is summarized i n   F i g .  A3-1. This  charge  spectrum i s  com- 
posed  of a mixture  of   "pr imaryf f   nuc le i   tha t   can   be   assumed  to   have   o r ig ina ted  
i n   t h e   s o u r c e  and  "secondary"  nuclei   produced  by  fragmentation of h e a v i e r  
n u c l e i   d u r i n g   t h e i r  travel t h r o u g h   t h e   i n t e r s t e l l a r  medium o r   o t h e r  matter. 
For  comparison, the so-called  "solar  System:  abundances (SS) are a l s o  shown 
in   F igu re  A3-1. T h i s "   d i s t r i b u t i o n  i s  in t ended   t o   r ep resen t   t he   cosmic  abun- 
dance  of  the vast  m a j o r i t y  of matter i n   t h e   u n i v e r s e  and  such a comparison 
c a n   y i e l d   i n t e r e s t i n g   r e s u l t s  on t h e   o r i g i n  of   the   ga lac t ic   cosmic   ray  ele- 
ments. 

These two d i s t r i b t i t i q n s  show s t r i k i n g  similarities, p a r t i c u l a r l y  
the  abundance maxima a t  carbon  and  oxygen  and a t  the   i ron   group.  From C 
onward, t h e r e  i s  a pronounced  enhancement i n   b o t h   d i s t r i b u t i o n s  of  even  atomic 
number n u c l e i  compared t o   t h o s e  of odd atomic number ( Z ) .  A few d i f f e r e n c e s  
may a l so   be   no ted :  The l ighf   e lements  L i ,  Be and B are over-abundant  by 
some f o u r   o r  more orders   o f   magni tude   in   compar ison   wi th   cor responding   so la r  
system  abundances. The nuclei  between  phosphorus  and chromium ( Z  = 15 - 2 4 )  

b e i n g   d u e   t o   f r a g m e n t a t i o n   i n   t h e   n u c l e a r   i n t e r a c t i o n s  of heavier   cosmic  ray 
nuc le i   wi th   ambient  matter dur ing   the   p ropagat ion  of the   cosmic   rays   f rom  the i r  
sou rce   t o   ea r th .   Ex tens ive   s tud ie s   o f   t he   f r agmen ta t ion  of cosmic   ray   nuc le i  
such as CNO t o  L i ,  Be and B have   con t r ibu ted   t o  a l a r g e   e x t e n t   i n   f o r m u l a t i n g  
models  of i n t e r s t e l l a r   p r o p a g a t i o n .  A t  t h i s   p o i n t ,   t h e  phenomena  of propaga- 
t i on   can   be   cons ide red  as s u f f i c i e n t l y   u n d e r s t o o d   t o  make f i r s t -o rde r   ex t r apo-  
l a t i o n s   t o   t h e   s o u r c e   r e g i o n .  It  is found  tha t  He, H ,  C,  0, Ne, Mg, S i ,  Fe 
and N i  are d e f i n i t e l y   p r e s e n t   i n   t h e   c o s m i c   r a y   s o u r c e s .   F o r   t h e s e   e l e m e n t s  
t he   obse rved   f l uxes   r ep resen t  %80% of the  source  abundance.  The abundances  of 
N, Na, A l ,  S ,  A r ,  Ca, C r  and Mn are no t  s o  well  known and poss ib ly  50% of 
the   obse rved   abundances   r ep resen t   i n t e r s t e l l a r   s econda r i e s .  The r a t i o s  of 
t h e   b e s t  known of   these   cosmic- ray   source   abundances   to   the   so la r   sys tem 
abundances (CRS/SS) have   a l ready   produced   in te res t ing   resu l t s   concern ing   nuc leo-  
syn thes i s   p rocesses .  However, i n t e r p r e t a t i o n s   s u c h  as production  of a l l  
cosmic   rays   by   explos ive   nuc leosynthes is   (S i lberberg  e t  a l . ,  1973; Kozlovsky 
and  Ramaty, 1973) are no t   sha red  by a l l  au tho r s   and   t he re  is  a n e e d   f o r   b e t t e r  

I ' are also  enhanced.   Their   presence  in   the  cosmic  rays   can  be  understood as 
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knowledge of the   abundances   par t icu lar ly   for   the   second  group  and  as a f u n c t i o n  
of the   energy .  

A3.3 ENERGY SPECTRA 

The ene rgy   spec t r a   o f   i nd iv idua l   spec ie s   ove r  a wide  energy  range 
are important   for   determining  the  dependence of t h e  cosmic-ray  composition 
on p a r t i c l e   e n e r g y .   I n   F i g u r e  A3-2 t h e   s p e c t r a  of t h e  more  abundant  nuclei  
such as H ,   H e ,  C3.0 and i r o n  are p resen ted .  All t h e s e   s p e c t r a  are well de- 
s c r i b e d  by  power laws i n   t o t a l  en- 
ergy - d J  a E’y at ene rg ie s   h igh  
enougdEto  avoid  major  influence 
f r o m   t h e   i n t e r p l a n e t a r y  medium. 
Below 1 GeV, s t u d i e s  a t  t h e   E a r t h  
are more d i f f i c u l t   t o   i n t e r p r e t  
and t h e   s p e c t r a   d e v i a t e   f r o m   s i m p l e  
power laws. For   example,   the   dif-  
f e r e n t i a l   s p e c t r a  shown i n   F i g u r e  
A3-2 increase   s lower   wi th   decreas-  
ing   energy ,   reach  a maximum at a 
around a few hundred  MeV/nucleon 
and  then  decrease a t  s t i l l  lower 
ene rg ie s .   Moreove r - the   spec t r a l  
shape i s  n o t   t h e  same f o r  a l l  com- 
ponents.  Changes i n   t h e   s p e c t r a  
are t h e   r e s u l t  of t h e  combined ef- 
f e c t s  of so la r   modula t ion ,   energy  
loss  i n   t h e   i n t e r s t e l l a r   & p a c e  
during  propagat ion  and,   perhaps , 
of   d i f f e rences   i n   t he   sou rce   spec -  
tra.  E f f e c t s  of so l a r   modu la t ion  
are s e e n   i n   t h e   d i f f e r e n t   c u r v e s  
which f o r   t h e  same spec ie s   co r re -  
spond t o  measurements  made. a t  var- 
i o u s  levels o f   s o l a r   a c t i v i t y .  ? 

E f f e c t s   o f   i o n i z a t i o n  
d u r i n g   p r o p a g a t i o n   i n   i n t e r s t e l l a r  
space are a func t ion   of  z2 and be- 
come important at low %2 energy. 
In   Fig.  A3-3 t h e s e   e f f e c t s  are 
shown as an  example f o r   p r o t o n s  , 
oxygen  and i ron ,   a s suming   t he  
same power law s p e c t r a  a t  i n j e c -  
t i o n  and  using two d i f f e r e n t  mo- 
d e l s :  (a) t h e   s t e a d y - s t a t e  mo- 
d e l  assumes t h a t   t h e   g a l a x y  is 
f i l l e d   w i t h   s o u r c e s  whose average 

-- 
KlNETlCENEkGY (GeVlnucleon) 

d. 

Figure  A3-2: Cosmic-ray ene rgy   spec t r a  of 
t h e  more  abundant  nuclear  species as measured 
n e a r   e a r t h .  Below 1 GeV t h e s e   s p e c t r a  are 
s t r o n g l y   i n f l u e n c e d  by modu la t ion   w i th in   t he  
so la r   sys tem.  

emission is cons t an t  and t h a t   t h e r e  is a f i -  
n i t e   l e a k a g e  of cosmic   r ay   pa r t i c l e s   f rom  the  volume t h a t   c o n t a i n s   t h e   m a j o r i t y  
of t h e s e   p a r t i c l e s ;   ( b )   t h e   s l a b  model (dotted  curves)  assumes a s imultaneous 
product ion   wi th  a l l  p a r t i c l e s   t r a v e r s i n g   t h e  same amount  of material. It  can 
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be  readi ly   seen  that   major   information on the  propa- 
ga t ion ,   sou rce   d i s t r ibu t ion ,  and acce lera t ion  of 
those   nuc le i  are conta ined   in   the i r   spec t ra l   shapes .  
Inside  the  modulation  boundary,  however,   these  effects 
are completely  obscured by solar  modulation  processes.  

A3.4 ISOTOPES 

In   add i t ion   t o   t he   u se  of the  radio- isotopes 
as chronometers t o  measure  the  age of t he  cosmic ra- 
d i a t i o n ,   t h e   r e l a t i v e  abundances of t h e   s t a b l e   i s o -  
topes  such  as 2H and 3He are used to   provide  infor-  
mation on the  propagat ion and o r i g i n  of t he  
par t ic les .   This   in format ion  i s  deduced  from 
the   d i f f e rences  w e  can  observe  with  respect 
to  the  solar  system  abundances . A t  t h i s  
moment, progress is  j u s t   s t a r t i n g  t o  be made 
on t h e   i s o t o p i c  abundances  of t h e   g a l a c t i c  cosmic 
rays.  There now appear t o   b e   c o n s i s t e n t  measure- 
ments  of 2H and 3He, and the   Un ive r s i t  
of  Chicago  has  achieved  resolution  of & A y  7 L i ,  
7Be, 9Be, 1 o B  and 1 l B .  However , because of uncer- 
ta in t ies   in   the   modula t ion   process  i t  is  d i f f i c u l t  
t o   a s s i g n  a pyimary  energy to   t hese   obse rva t ions .  
T h e r e   a l s o   e x i s t   d i f f i c u l t i e s  due t o   t h e   l a c k  of 
statistics and the  poor  resolution  which  have  pre- 
v a i l e d   i n   t h e   p a s t .  With t h e  new generat ion of 
good resolution  systems  which  started  with IMP'S 
7 and 8, which  have sinpe  been improved f o r  M J U ,  
and with  an  environment  free of s o l a r   e f f e c t s ,   g r e a t  
progress is expected. 

' " r n  

K INETIC  ENERGY I N  G e V h  

Figure A3-3; E f fec t s  
of ion iza t ion   dur ing  
propagation  are shown 
using a s teady-s ta te  
model (sol id   curves)  
and a s l a b  model (dot- 
ted  curves)   for  a pow- 
er low a t   i n j e c t i o n  
(Curve I )  . Curves P , 
0 and  Fe are f o r  pro- 
tons ,  oxygen  and i ron  
nuc le i ,   respec t ive ly .  For  example,  secondary  isotopes are 

produced  by  fragmentation  of  heavier  nuclei   during  propagation. The r e l a t i v e  
abundance of each  isotope i s  determined by the  product ion  cross   sect ions  and 
the   pa th   l eng th   d i s t r ibu t ion  of the  progeni tors .  Both of these  factors   can  be 
energy  dependent  and  thus  the  isotopic  ratios w i l l  show energy  dependent  features 
t h a t  w i l l  provide  information on the  energy a t  which t h e   n u c l e i  are formed  and 
t h i s  w i l l  show whether   accelerat ion  or   energy  losses   play an  important  role. 

Pr imary  isotopes  ref lect   the   condi t ions  in   the  sources   where  a lmost  
nothing is  known.  Most of   the   p re l iminary   repor t s  of i s o t o p i c  cosmic  ray abun- 
dances  have  suggested  larger  abundances  of  rare  isotopes  than  those  of  the 
s o l a r  system. I f  confirmed, t h i s  may r e f l e c t   i n t e r e s t i n g   e f f e c t s .  

A3.5 ANOMALOUS ABUNDANCES OBSERVED AT LOW ENERGY 

Some of t h e  most f a sc ina t ing  and least understood  data on cosmic 
ray  composition  has  been  reported at low energies  (below a few tens  of MeV/n). 
In   th i s   reg ion ,   the   p resence   o f   so la r   p roduced   par t ic les  must be  expected  and 
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one of t h e  most   important   quest ions i s  whe the r   t he   pa r t i c l e s   obse rved  are 
s o l a r  or  e x t r a - s o l a r   i n   o r i g i n ,  

U n t i l   r e c e n t l y   t h e   o n l y   d a t a  a t  t h e s e  low e n e r g i e s  were t h o s e  on 
hydrogen  and  helium  nuclei . ,  It was observed   tha t   even   dur ing  the s o l a r  

q u i e t  times" p ro ton   and   a lpha   spec t r a   exh ib i t  a minimum i n   t h e  15-20 MeV/ 
nucleon  region  and a steep negat ive   s lope   ( tu rn-up)  a t  lower   energ ies  (Fan 
et a l . ,  1968). The low energy component is g e n e r a l l y   h i g h l y   v a r i a b l e   a n d  
Kinsey  (1970)  has shown t h a t  it is d o m i n a t e d   b y   p a r t i c l e s   o f   s o l a r   o r i g i n .  
However, a t  the  lowest   quiet- t2me levels a t  s o l a r   m i n i m ,  Fan et a l .  (1968) 
found a d is t inc t ive   and   reproducib le   tu rn-up   measured   dur ing   1964.  More 
r e c e n t l y ,   i n   1 9 7 2   n e a r   t h e   n e x t   s o l a r  minimum w i t h   c o n s i d e r a b l e  improvement 
i n   t h e   e x p e r i m e n t a l   t e c h n i q u e s   a v a i l a b l e ,   t h e   g e n e r a l   f e a t u r e s  of a s h a r p  
turn-up a t  low  energy  appears   to   be  confirmed  a l though  the  quest ion of t h e  
energy a t  which it occur s  is c o n t r o v e r s i a l .   I n   p a r t i c u l a r ,   t h e   h e l i u m  
spectrum  remains f l a t   t o   a p p r e c i a b l y   l o w e r   e n e r g i e s .  

11 

It is  t empt ing   t o  assume t h a t   t h e   r a p i d   i n c r e a s e   r e p r e s e n t s  a s o l a r  
component  superimposed on a n e a r l y   f l a t   s p e c t r u m   o f   g a l a c t i c   p a r t i c l e s   t h a t  
must   be  present  a t  t h e s e  times of  s o l a r  minimum. However, g a l a c t i c   o r i g i n  
f o r  a l l  t h e   p a r t i c l e s   c a n n o t   b e   r u l e d   o u t   a n d   t h e   f l a t  H e  spectrum  does  appear 
t o   b e  anomalous. 

In these   energy   ranges ,  new r e s u l t s  are j u s t   b e g i n n i n g   t o   b e  availa- 
b l e  on the   abundancg   o f   t he   heav ie r   nuc le i ,   e spec ia l ly  C ,  N and 0 .  Pre- 
v ious   a t t empt s  a t  such  measurements i n   t h e   p a s t  were a f f l i c t e d   w i t h   p o o r  
s ta t i s t ica l  weight ,   large  detector   background,   and  inadequate   charge  reso-  
l u t i o n  as well as d i f f i c u l t i e s   d u e   t o   s o l a r   c o n t a m i n a t i o n .  On IMP 7 and 
P ionee r  10, p a r t  of t h e   a b o v e   d i f f i c u l t i e s  were overcome.  Observations 
us ing  260 days  of   quiet- t$me,data  were r e p o r t e d  (McDonald e t  a l . ,  1974) 
both  on  the  Helium  spectrum  and  the  abundance of C y  N and 0 n u c l e i  a t  low 
energy .   Those   resu l t s  are shown i n   F i g u r e  A3-4 (see  Page A3-7) w i t h   t h e  still- 
lower   energy   spec t ra   repor ted   by   Hoves tad t  et a l .  (1973). The most  unex- 
p e c t e d   f e a t u r e  is t h e  anomalous  charge  composition  seen a t  those   ene rg ie s :  
A t  about  10 MeV/nucleon  Oxygen  and  Nitrogen a r e a b o u t 1 0  times more  abundant 

ga l ac t i c   cosmic   r ays .   Excep t   fo r  a second  turn-up  below 1 MeV/nucleon  which 
is p resumab ly   so l a r   i n   o r ig in   (Hoves t ad t  e t  a l . ,  1973)   t hose   nuc le i  are un- 
l i k e l y   t o   b e  of so l a r   o r ig in .   Var ious   g roups   have   subsequen t ly   ve r i f i ed   t hese  
r e s u l t s .  It has  become ev iden t   t ha t   t hey   canno t ,  a t  present ,   be   unders tood  
i n  terms of i n t e r s t e l l a r   p r o p a g a t i o n   o r   s o l a r   m o d u l a t i o n   e f f e c t s   w i t h o u t   i n v o l v -  
ing a new component  having a d i f f e r e n t  c mposi t 'on.  0 the   o the r   hand ,   based  
upon obse rva t ions  of ve ry  low r a t i o s  of H and H e  t o  He, Teegarden et a l .  
(1975)  have  concluded  that   there  must  be a nearby  source of  low-energy  helium. 
S imi l a r   conc lus ions   based   upon   t he   spec t r a l   shape  of helium  compared t o   t h a t  
of o t h e r   n u c l e i   w i t h   t h e  same A have  been  reached  by  Garcia-Munoz et a l .  
(1975). Von Rosenvinge  and McDonald (1975)  have j u s t  measured f o r   t h e  
f i r s t  time a low-energy  turn-up i n  Ne and  have  concluded  that   th is   turn-up 
is n o t   o f   s o l a r   o r i g i n .  

r than  carbon,  whereas O / C  and N / C  are comparable i n   t h e  s o l a r  and (higher-energy) 

9 3 8 

These   ve ry   r ecen t   r e su l t s  on  anomalous  abundance are indeed  puzzling. 
A s  a n   a l t e r n a t i v e   m o d e l   F i s k  e t  a l .  (1974)  have  proposed  that   the  helium,  oxygen 
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and n i t r o g e n   a r e   i n t e r s t e l l a r   n e u t r a l s  
which become ionized and acce lera ted  
i n   t h e   i n t e r p l a n e t a r y  medium whi le  
i n t e r s t e l l a r   c a r b o n ,  presumably  not 
n e u t r a l ,  w i l l  be  excluded  from  the 
so l a r   cav i ty .  This model presents ,  
however, some d i f f i c u l t i e s   i n   t h a t  
(1) i t  pos tu l a t e s  an  "ad  hoc" accel- 
e ra t ion  mechanism placed beyond ob- 
s e r v a t i o n   i n   t h e   o u t e r   s o l a r   s y s t e m  
so  tha t   bo th   acce le ra t ion  and s o l a r  
modulation may occur; (2) i t  requi res  
a l a r g e  amount of energy  from  the 
s o l a r  wind:  (3)  there i s  l imi t ed  
knowledge  of  which of t h e   n u c l e i  
are n e u t r a l   i n   t h e   i n t e r s t e l l a r  
medium. However, t h i s  model d id  
p r e d i c t   t h a t  Neon, as one of t h e  
nuc le i   w i th  a f i r s t   i o n i z a t i o n  po- 
t e n t i a l   g r e a t e r   t h a n   t h a t  of n e u t r a l  
hydrogen,  should  be  enhanced. 

A3.6 CONCLUSION 

The experiment  described 
i n   t h e  main  body  of the  proposal  
w i l l  resolve  individual   e lements  
from  Hydrogen  through Iron  over  an 

t 

T 

Figure A3-4: C ,  0 and 4He spec t ra .  
The C and 0 spec t r a   a t   h ighe r   ene r -  
gies  derived  from  the GSFC te lescope 

energy  range  extending  from W.5 MeV/n. on are indicated by the solid 
t o  500 NeVIn. It  w i l l  r eso lve   ind i -  
vidual  isotopes  through Oxygen. 

t o   t a k e   f u l l   a d v a n t a g e  of t he  oppor- 

l i n e .  Note the   f la t   spec t rum of 4He 
and t h e  anomalous  abundance  of 0 rela- 

Such a detector system be t i v e   t o  C between Q2 and 30  MeV/nuc. 

t u n i t y   t o  make cosmic-ray  observations beyond the  boundaries of t he  cosmic- 
ray  modulation  region. A s  we have   t r i ed  t o  emphasize i n   t h i s  appendix, many 
important  cosmic-ray phenomena are  almost  completely  obscured  by  adiabatic 
energy  loss.  This  process removes a l l  knowledge  of t h e  low-energy  cosmic ray 
s p e c t r a ,   t h e   e f f e c t s  of energy  loss by i o n i z a t i o n   i n   t h e   i n t e r s t e l l a r  medium 
and p r e c i s e  knowledge o f   t he  cosmic  ray  l ifetime. It i s  v i t a l   t h a t   i n   s i t u  
measurements  be made of  these  important  quantit ies.   This  can  only  be  realized 
with a deep-space  probe  such  as MJU.  
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APPENDIX A4 

INTERSTELLAR COSMIC-RAY STREAMING ANISOTROPY 

One of t h e  most exc i t i ng   a spec t s  of  an  MU-type  Outer  Solar  System 
Mission w i l l  be   the   very  real p o s s i b i l i t y  of the   spacecraf t ' s   escape  from 
the  solar  system  modulation  region  for  cosmic  rays;  i . e . ,  we w i l l  have  the 
chance t o   s t u d y   g a l a c t i c  cosmic  rays   f ree   f rom  the  inf luence  of   the  sun.  A 
pa r t i cu la r ly   power fu l   t oo l   i n   t he   s tudy  of t h e   i n t e r s t e l l a r  phenomena w i l l  
be   the  measurement  of  cosmic-ray s t reaming  anisotropies .  

A4.1 STREAMING ANISOTROPIES OF INTERSTELLAR COSMIC RAYS 

Observat ions  of   inters te l lar   anisotropies   f rom  Earth  have so  f a r  
been f r u s t r a t e d  by e x p e r i m e n t a l   d i f f i c u l t i e s .  Such a determination is  i n  
p r inc ip l e   poss ib l e   on ly   fo r   ene rg ie s  ?, 1012eV, because a t  lower  energies 
the   i r r egu la r   i n t e rp l ane ta ry   magne t i c   f i e ld  mixes  and  randomizes the  par-  
t i c l e  t r a j ec to r i e s   t o   such   an   ex ten t   t ha t   r econs t ruc t ion  of an  anisotropy 
ou t s ide   t he   so l a r  wind is  impossible .   In   addi t ion,   the   anisotropies   are  
expected t o   b e   v e r y  small, i n  view of the  large  sampling volume a t  high 
energies .  A t  p resent ,   therefore ,  any  attempt to   e s t ima te   t he   an i so t ropy  
of the   bu lk  of  cosmic  rays (E Q 10 eV) is sheer   speculat ion.  9 

In   _ s i tu  measurements  of g a l a c t i c  cosmic-ray  streaming on outer  
solar   system  missions,   par t icular ly   outs ide  the  modulat ion  region,   are  
e s s e n t i a l l y   f r e e  of so l a r   pe r tu rba t ions ,  and  can  be  performed a t  low energies  
where, i n  view  of the   ion iza t ion- loss   l imi ted   pa th lengths ,   the   l a rges t  
e f f e c t s  may be  expected. 

-- 

Cons ide r   t he   fo l lowing   i l l u s t r a t ive  example: L e t  a p a r t i c l e  pro- 
paga te   l oca l ly  by d i f fus ion ,   w i th   d i f fus ion   coe f f i c i en t   pa ra l l e l   t o   t he  B- 
f i e l d  , 

where 11 i s  t h e   s c a t t e r i n g  mean f r e e   p a t h  and w t h e   p a r t i c l e   s p e e d .   I f  U is  
t h e  cosmic-ray  density,  the  streaming  of  cosmic  rays i s  given  by 

where the  magnetic f i e l d  is i n  
then i s  

the   z -d i rec t ion .  The associated  anisotropy 

A I I  
L 

where L = i s  t h e  scale v a r i a t i o n  of U. L and All  are parameters  of 
t h e   i n t e r s t i l g h  medium. Cons ide r   pa r t i c l e s   a t  low energies   (e .  g. , protons 
of Q1 MeV) coming from a nearby  source a t  a d is tance   o f   the   par t ic les '   range  
( s e t   b y   i o n i z a t i o n   l o s s ) ,  L % 200 PC. With a d i f fus ion  mean f r e e   p a t h  
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X fb 30 PC we would  observe an an i so t ropy  of 6 = - 85 15%, which i s  most 
eas i ly   measurable!  

A 
L 

I f ,  on t h e   o t h e r   h a n d ,   l o c a l   d i f f u s i o n   s h o u l d   n o t   b e   t h e  mode of 
p a r t i c l e   t r a n s p o r t   i n   t h e   g a l a x y ,  some g e n e r a l   c o n s i d e r a t i o n s  s t i l l  hold.  
P a r t i c l e s   s t r e a m i n g   a l o n g   f i e l d   l i n e s   w o u l d   b e   e x p e c t e d   t o  show s i g n i f i c a n t  
a n i s o t r o p i e s .   P a r t i c l e s   r o d u c e d   i n   t h e   g a l a x y  and r e s t r i c t e d   t o  an  apparent 
l eakage   l i f e t ime   o f  T Q10 g y e a r s ,  w i l l  produce a genera l   convec t ive   an iso t ropy  
of t h e   o r d e r   o f  

6 % -  % 3v 
W 

where   the   requi red  mean p a r t i c l e   b u l k   s p e e d  V = is determined  by  the  length 
of a t y p i c a l   l i n e   o f   f o r c e  L % 300 PC a n d   t h e   l i f e t i m e  T %I 106 y e a r s ;  i. e. , 
V f% 0.001 c y  which f o r  10 MeV (B  @ 0 .14)   p ro tons   r e su l t s   i n   an   an i so t ropy   o f  

L 

which is w i t h i n   t h e   s e n s i t i v i t y   o f   o u r   i n s t r u m e n t .  

A4.2 INTERSTELLAR  COSMIC RAYS: STREAMING AND SOURCE IDENTIFICATION 

In   “ s tu   measu remen t s   o f   cosmic   r ay   f l uxes   i n   t he   i n t e r s t e l l a r  
medium, i .e . ,  o u t s i d e   t h e   s o l a r   m o d u l a t i o n   r e g i o n ,   r e p r e s e n t  a powerful 
new t o o l   i n   t h e   s t u d y  of a s t r o p h y s i c a l  phenomena. I n   p a r t i c u l a r ,   t h e  com l e t e  
d e t e r m i n a t i o n   o f   b o t h   t h e   i s o t r o p i c  component  and t h e   s t r e a m i n g   v e c t o r  s 
( an i so t ropy)   o f   t he   cosmic   r ay   f l ux ,  as provided by the   p roposed  LET t e l e s c o p e  
system, w i l l  g r e a t l y   a i d   t h e   a n a l y s i s   o f   i n t e r s t e l l a r   p a r t i c l e   p r o p a g a t i o n  
phenomena  and t h e   a s s o c i a t e d   f i e l d ,  matter, and  energy  parameters  of  the 
i n t e r s t e l l a r  medium. One of t h e  most exc i t ing   p roducts   o f   the   measurement  
of   cosmic   ray   an iso t ropies  may b e   t h e   d i r e c t   i d e n t i f i c a t i o n  of a . s p e c i f i c  
a s t r o p h y s i c a l   o b j e c t ,   e . g . ,  a pulsar   o r   supernova   remnant ,  as t h e   s o u r c e  
o f   an   i den t i f i ed  component  of the  observed  cosmic  ray  f lux.   Such  ident i f i -  
c a t i o n   o f   d i s c r e t e   c o s m i c   r a y   s o u r c e s   w i t h   t h e i r   e j e c t a  would be  of  profound 

t h e s e   r a t h e r   m y s t e r i o u s   o b j e c t s   w h i c h  are u n d e r   i n t e n s i v e   i n v e s t i g a t i o n  by 
a l a r g e   m u l t i d i s c i p l i n a r y   g r o u p   o f   t o d a y ’ s   a s t r o p h y s i c i s t s .  

- -- 
P 

1 s i g n i f i c a n c e ,   s i n c e  i t  wou ld   p rov ide   u s   w i th   d i r ec t  material samples  from 

S o u r c e   i d e n t i f i c a t i o n  w i l l  be  attempted  from  the  measurement  of 
t h e   i n t e r s t e l l a r   s t r e a m i n g   p a t t e r n s   a n d   t h e   e n e r g y   s p e c t r a   o f   l o w - e n e r g y  
cosmic  rays   over  an e l emen ta l  domain  ranging  from  hydrogen  through  iron. 
As shown i n   S e c t i o n  A4 .1 ,  t h e   a n i s o t r o p i e s  are expected  to  be  most  pronounced 
( in   t he   o rde r   o f   t ens   o f   pe rcen t )   i n   t he   l ow-ene rgy   r ange   where   pa th l eng th  
l i m i t a t i o n s   d u e   t o   h e a v y   i o n i z a t i o n   l o s s e s  are most s i g n i f i c a n t .  The sources  
of t h e s e  low  ene rgy   pa r t i c l e s  must be  c lose.   For   example,  a 1 MeV proton 
h a s   a n   i n t e g r a l   p a t h l e n g t h  L 6 200 PC i n   i n t e r s t e l l a r   g a s   o f  n = 1 ~ m ‘ - ~ ;  
and d i f fus ive   p ropaga t ion   w i th  a X f% 30 PC restricts t h e   d i s t a n c e   o f   t h e i r  
s o u r c e   t o  less than  %lo0 PC. A s c h e m a t i c   i l l u s t r a t i o n  of c h a r a c t e r i s t i c  
magni tudes   o f   parameters   re levant ,   to   th i s   d i scuss ion  i s  g i v e n   i n   F i g u r e  A4-1. 
The s p a t i a l   v e r s u s   t e m p o r a l   r e s t r i c t i o n s  on  proLons are schemat i ca l ly  shown 
f o r  an i l l u s t r a t i v e  example   o f   t he   i n t e r s t e l l a r  medium of  hydrogen  density 
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nH = 1 cm-3 and  cosmic  ray  diffusion mean f r ee   pa th  x = 30 PC. A proton, 
i n j ec t ed  at 1 MeV i n t o   t h e  medium, l i v e s   f o r  T Q 1 . 7  x l o 4  y e a r s   b e f o r e   a l l  
of i t s  energy  has  been  lost   by  ionization. I ts  i n i t i a l ,   q u a s i - s t r a i g h t   l i n e  
propagat ion  (sol id   l ine)   ul t imately i s  r e s t r i c t e d  by diffusion  (dashed 
l i n e ) ,  as schemat ica l ly   ind ica ted   in   the   f igure .   F igure  A4-1 a l s o  shows, 
fo r   r e f e rence ,   t he   d i s t ances  and  ages of some as t rophys ica l   ob jec ts   (pu lsars  , 
supernovae  remnants)  which are suspected  sources  of  cosmic  rays,  and  the 
magnitudes  of some galact ic   parameters   re levant   to   propagat ion  s tudies .  
A s o  r c e  a t  L Q 100  pc  with 30 PC would produce  an  anisotropic  f lux of 
6 Q % 30%. There  exist   unique  relations  between  age and d i s t ance  of a 
source and the  energylcharge of particles from t h i s   s o u r c e  which  can  reach 
the  vicini ty   of   the   solar   system.  For  example, t h e  Crab is  s u f f i c i e n t l y  
f a r  away and  young t h a t  i t s  poss ib l e   i n j ec t ion   cou ld   on ly   be   t e s t ed   a t   nea r -  
r e l a t i v i s t i c   e n e r g i e s ,  which particles a r e   j u s t  now reaching  the  solar   sys-  
t e m .  The expected  anisotropies would be   smal l ,  less than a few  percent. 
On the   o ther   hand ,   nearer  and o lder   sources   l ike  VELA could b e  seen a t  
energies  of a few MeV, wi th  much l a rge r   an i so t rop ie s .  

x 

It must b e   p o i n t e d   o u t   t h a t   s o u r c e   i d e n t i f i c a t i o n ,   i n   g e n e r a l ,  need 
no t   be   r e l a t ed   t o   t he   d i r ec t ion   o f   t he   an i so t ropy   vec to r .  It i s  highly 
p r o b a b l e ,   i n   f a c t  , tha t   the   macros t ruc ture  of t h e   i n t e r s t e l l a r   d i f f u s i v e  
medium w i l l  impose i ts  s igna tu re  on the  propagation  vector,   which  thus w i l l  
t e l l  US something  about  the  features of t he   ga l ac t i c   magne t i c   f i e lds ,   bu t  
no t   necessar i ly   the   source   d i rec t ion .   Source   ident i f ica t ion  w i l l  be  derived 
f rom  the   awlys i s  of a number  of observed  parameters.   Identification of 
a source i s  aided by the   f ac t   t ha t   po ten t i a l   sou rces  are extremely rare 
wi th in   t he  volumes   under   d i scuss ion;   e .g . ,   s ta t i s t ica l ly  one expects   only 
a few supernovae  remnants i n  a 10-MeV pathlength  source volume, with  addi- 
t i o n a l   r e s t r i c t i o n s  on source  age.   Since  ionizat ion  losses  are governed 
by the   square   o f   the   par t ic les   charge  (22) , consistency  checks  between  ani- 
so t rop ie s  and  energy  spectra of elements  differing  widely  in  charge (1 6 Z 6 2 6 )  
can  be  used to   s epa ra t e   l oca l   o r ig in   e l emen t s  from those a t  l a rge   d i s t ances  
which may have   been   dece lera ted   to   lower   energ ies   in   the i r   p ropagat ion   th rough 
the  galaxy. 

The above i l l u s t r a t i o n s  were given  for   the  highly  probable ,   d i f fu-  
sive mode of par t ic le   propagat ion  in   the  galaxy.   Should  the  geometry  or  
general   propagation phenomena v a r y   d r a s t i c a l l y  from  these  assumptions, we 
never the less   expec t   to   be   ab le   to   der ive   p ropagat ion  and source  information, 
a s   d i scussed   i n   Sec t ion  A4.1.  We have  proposed a detector  system  which, 
due t o  i t s  superior  directional,   charge  and  energy measurement c a p a b i l i t i e s  
can  respond t o  any conce ivable   s i tua t ion   in   the   ga laxy .  We are, on MJU79, 
s t i l l  i n   t h e   i n i t i a l   s t a g e s  of ga l ac t i c   exp lo ra t ion ,   bu t  w e  fu l ly   expec t  
t o   f i n d   s i g n i f i c a n t  cosmic-ray an i so t rop ie s   f rom  in   s i t u  measurements i n  
t h e   i n t e r s t e l l a r  medium. In   fac t ,   the   absence  of  measurable  anisotropies 
would be  one  of t h e  most s u r p r i s i n g   r e s u l t s ,   i n d i c a t i n g   t h a t   e i t h e r   t h e   s o l a r  
system  occupies a most unique  posi t ion  in   the  galaxy  or   that  a major  part  
of the   p resent ly   accepted  models  of galact ic   processes   and  parameters   require  
maj or   rev is   ion .  
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APPENDIX A5 

DEFINITION AND MEASUREMENT OF COSMIC RAY ANISOTROPY 

A5 .I DEFINITION OF  STREAMING  ANISOTROPY 

Our ene rge t i c   pa r t i c l e   an i so t ropy  measurements  determine  the  direc- 
t i o n  and  the  magnitude  of  the  bulk  motion  of  the  observed  particle  population. 
In   t he  most genera l   case ,   the   in tens i ty  of  cosmic  ray  particles as a funct ion of  
so l id   angle  a t  a given  posi t ion,  time, and  energy may be  represented  by: 

j(s2) dQ = C jxm Pi(Q) eimd dQ 
fi,m 

A complete   specif icat ion of j (Q) would r equ i r e  a.11 j R m  to   be  
known. A number of na tura l   p rocesses   ac t   to  smooth out j (n), and f o r  cosmic 
rays  usually  only  the  lower  orders  in  equation (1.1) are r equ i r ed .   In   f ac t ,  
the  streaming  anisotropy of cosmic  rays i s  f u l l y   s p e c i f i e d  by joo and jl0, 
i .e. ,  

6 is  called  the  anisotropy,  and i s  related  to   observat ion  by,  
egg* ¶ 

6 -  
j max - j min 
j max + 3 min (1 -3 )  

where j max and j min represent   the  maximum and minimum fluxes as a function 
of  angle. 

Note t h a t   i f  j(Q) = joo,  i .e .  i s o t r o p i c  i n  a co-ordinate  frame,  an 
observer   in  a frame moving a t  speed Vc<: w ,  the random particle speed, w i l l  
see an   an i so t rop ic   f l ux  

j (a) = joo  (l+6 cos e )  
where 6 =  1 ( 2 + a , y )  

with 

W 

T + 2 m o d  
T + moc2 

a =  

and Y= - 3 Rn joQ 
a An T 

i f  T i s  the  kinet ic   energy  and moc i s  the rest energy  of   the  par t ic le .  
Equations (1.4) and (1.5) descr ibe the  Compton-Getting e f f e c t .  

The an i so t rop ie s  on an outer  solar  system  mission, i . e . ,  M J U ,  f a l l  i n t o  
3 major   categories:   in terplanetary  anisotropies  of so l a r   ene rge t i c   pa r t i c l e   f l ux -  
es, in t e rp l ane ta ry   an i so t rop ie s  of g a l a c t i c  cosmic  rays, and i n t e r s t e l l a r   a n i s o -  
t r o p i e s  of g a l a c t i c  cosmic  rays. The l a t t e r  are a unique and p o t e n t i a l l y  most 
s i g n i f i c a n t   f e a t u r e  of an MJU mission and a re   d i scussed   fu r the r   i n  Appendix A4. 
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A5.2 MEASUE?EMENT  OF STREAMING ANISOTROPY 

An a r b i t r a r y   s t r e a m i n g   a n i s o t r o p y   i n   t h e   c o s m i c   r a y   f l u x  i s  com- 
p l e t e ly   de f ined   by  4  independent  measurements. For example,  consider 4 count- 
er t e l e scopes   a r r anged   i n  an or thogonal  VIERBEIN, a s  shown i n   F i g u r e  A5-1: 

X 

Figure AS-1 

F o r   s i m p l i c i t y ,  l e t  each  te lescope  have  the same small s o l i d   a n g l e   a p e r t u r e  
dn. The te lescopes  observe  c5smic  rays   with  s t reaming  vector  3. I f  8 
designates   the  angle   between S and   t he   v i ewing   d i r ec t ion ,   t hen  

I ( @ )  = Io-s cos 8 (2.1) 

and  the  magni tude  of   the  anisotropy i s  

S 6 = -  
I O  

a c c o r d i n g   t o  Eq. (1 .3) .  

The t e l e scopes  1, 2,  3,  and  4 w i l l  s e e   t h e   i n t e n s i t i e s  Ii, 

I1 = IO'S 

I 2  = IOSSY 

14 - - IO'Sz 

Y 

I3 - - IO'Sx 

from  which  follows 

Io = 1 / 2  ( I1+  12)  

S% = 1 / 2  (I1+ 1 2 )  - I3 

s = 1 / 2  ( I 2 -   1 1 )  

sz  

Y 
= 1 / 2  ( I ~ +  1 ~ 1  - I4 
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E q s .  (2.4) completely  specify Io, the   average  omnidirect ional   intensi ty ,  and 
+ 
S, the  magnitude  and  direction of the  anisotropy. 

The d e r i v a t i o n   c l e a r l y  shows t h a t  4 independent   direct ions are an 
optimal se t  for  determining  streamLng  anisotropies.   Less  than 4 de tec to r s  
may miss the   l a rges t  component of S and  thus  give a to ta l ly   mis leading  
r e s u l t .  

More telescopes would be  needed  for  higher  order  anisotropies,   but 
these are general ly  much smaller and less important  in  cosmic  rays.  

I '  
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APPENDIX  A6 

MAGNETOSPHERIC TELESCOPE ARRAY 

The MTA (Magnetospheric  Telescope  Array)  experiment  consists of four 
charged  par t ic le   te lescopes,   each  with  three  detector   e lements ,  and three 
heavi ly   shielded  omnidirect ional   detectors .  The e l e c t r o n i c s   u t i l i z e   d i s c r e t e  
components, rad ia t ion   hardened   c i rcu i t   des igns ,  and pulse  strobing  techniques 
to   achieve 150 nanosecond  time r e so lu t ion .  The design  schematics   for   this  
experiment  are shown in   F igures  A6-1 and A6-2.  The techniques  used  have  been 
developed  and f l i g h t  proven  over  the  past   f if teen  years by the  University of 
Iowa. The f l i g h t s  of  such U. of Iowa experiments  include  ones on Relays I and 
11, OGO A ,  I n jun  4 ,  Mariner 4 ,  IMP'S D and E ,  Mariner 5,  OGO D ,  Injun 5, and 
Pioneer 11. 

A6.1 MAGNETOSPHERIC TELESCOPES 

Four  single-ended  telescopes  (referred  to  as R ,  S ,  T and U) a r e  
arranged  in  a symmetric t e t r a h e d r a l   a r r a y   i n   o r d e r   t o   s t u d y   a n g u l a r   d i s t r i -  
butions  without  need  for  any  mechanically moving devices.  

Each telescope  (Figure A6-3) c o n s i s t s  
o f   t h ree   t o t a l ly   dep le t ed   s i l i con   su r f ace  
b a r r i e r   d e t e c t o r s .  The f i r s t   d e t e c t o r   i n   e a c h  BRASS 

a r r a y  i s  10 microns  thick  with  an  area of 5 nun2; 
the  other  t w d  elements  are 200 microns  thick  with 
areas   of  10 mm2. An absorber  with  thickness  of 10 m d  x 200 p 

0.1 grams/cm2 i s  placed  between  detectors two 
and three.  The s ides  and back  of  each  telescope ELEMENT, 

have  an  effect ive minimum shielding  of 4.5 grams/ 
cm2 of iner t   mater ia l .   ,The  te lescopes  have a 
collimator  half  angle  of  20°,  giving a un id i -  T;m 
rectional  geometric  factor  of  0.02  cm2-sterad. MTA  TELESCOPE 

SHIELD 

5 m d  x l o p  
SURFACE MRRIER 

ELEMENT 2 SURFACE BARRIER 

al g r m f r m  AI 

IO m"? I 200 p 
SURFACE BARRIER 

INSULATOR 

The f i r s t   d e t e c t o r   i n   e a c h   s t a c k  i s  Figure A6-3 
used  to   count   protons,   a lpha  par t ic les ,  and 
mediums (Z > 2). The second  detector i s  used t o  count  protons,   alpha  particles,  
mediums (Z > Z), and electrons.   Single   e lement   count ing  ra tes  and  coincidences 
and anti-coincidences between these   de t ec to r s   a l l ow  iden t i f i ca t ion  and d i f -  
f e r en t i a l   ene rgy  measurements  of  protons,  alpha  particles, and mediums (Z > 2) 
and eliminate  protons and heavier   ions   wi th   energ ies   l ess   than  43 MeV from'the 
e l e c t r o n  measurements. 

The th i rd   de t ec to r ,   sh i e lded  by the f i r s t  two de tec to r s  and 0.1 
gram/cm2 of  aluminum, detects  high  energy  protons.  Coincidences  between  the 
second  and th i rd   de t ec to r s   de f ine   t he   d i r ec t iona l i t y  and eliminate  protons  with 
energies   less   than 43 MeV from the   e l ec t ron  measurements by t h i s   d e t e c t o r .  

Figure A6-4 shows the  electron  energy  response of  each  telescope and 
the   e lec t ron   d i scr imina t ion   leve ls .  It should  be  noted  that   levels D l  and GI 
a r e   s e t  below the minimum energy loss  i n  each  detector,   thus making  each 
e l e c t r o n  measurement in t eg ra l   i n   ene rgy  above i t s  threshold.  
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The proton  energy  response  for  each  telescope i s  shown in   F igure  
A6-5.  The proton  energy  discrimination  levels shown a r e   a l l   w e l l  above  the 
maximum electron  energy  loss  in  each  detector,   thus  keeping  the  proton  energy 
measurements  free  from  any  electron  contamination. 

Figure A6-6 shows the  a lpha  par t ic le   response of each  telescope. 
The four   a lpha  papt ic le   thresholds  , C l ,  C 2 ,  F2, and F3, are   high enough  above 
the maximum proton  energy  loss  to  provide  proton  free  alpha  particle  measure- 
ments. The C3, C 4 ,  and F4 thresholds   are   used  to  measure mediums (Z > 2). 

A6.2  OMNIDIREXTIONAL DETECTORS 

Three  omnidirect ional   detectors   ( referred  to   as  M,  N ,  and P) a r e  
included  in  the  instrument package t o  comple- 
ment the  high  energy  electron  measurements 
of  the  telescopes. Each i s  a one-millimeter- 
cub ica l   l i t h ium  d r i f t ed   de t ec to r .  The 
de tec to r s   a r e   sphe r i ca l ly   sh i e lded  by  1.47 
g/cm2 of aluminum, 5.1 g/cm2 of   brass  , and 
10.9 g/cm2 of  platinum,  respectively  (Figure 
A6-7). One energy  discrimination  threshold 
w i l l  be set  a t  300 keV, which i s  less than 
the minimum energy loss by a charged  par t ic le  
i n   t h e  1 mm cube, s o  that  the  energy  measure- 
ment w i l l  be i n t e g r a l  above the  threshold 
determined  by  the  shielding. A second  thres- 
hold w i l l  b e - s e t   a t  1.5 MeV. This i s  approx- 
imately  twice  the maximum energy loss f o r  
e lec t rons   wi th in   the   de tec tor ;   hence   th i s  
l e v e l  w i l l  count  only  protons  or  heavier 
ions. 

A6.3 MTA ELECTRONICS 

A - G 1 5 - 5 7 5  

DETECTOR M 

ALUMINUM 
SHIELDING 
1.47 q l c m Z  

--I DETECTOR P 

L 

PLATINUM 
SHIELDING 
10.9 9/cm2 

MTA OMNIDIRECTIONAL DETECTORS 

Figure A6 -7 

To  make accurate  measurements  in a high  radiation  environment  such  as 
Jupiter's  magnetosphere  (and  perhaps  Uranus ' )  it  i s  necessary   to   use   de tec tors  
wi th   smal l   sens i t ive   a reas  and   ve ry   f a s t   e l ec t ron ic s   bu i l t   w i th   d i sc re t e  com- 
ponents  and  radiation  hardened  circuit   designs.  

A6.3.1 Bas ic   E lec t ronics  

The f i r s t  element  of  the  system  consists  of  the  totally  depleted 
s i l i con   su r f ace   ba r r i e r   de t ec to r s .  These detectors   are   over-biased by 25% 
t o  make t h e   t o t a l  volume of t h e   d e t e c t o r   s e n s i t i v e   t o  any  energy loss  wi th in  i t  
and t o  make the   de tec tors  much l e s s   suscep t ib l e   t o   r ad ia t ion  damage.  These 
detectors   are   very  special ized  s i l icon  diodes  which  are   reverse   biased,   creat ing 
a v e r y   h i g h   e l e c t r i c   f i e l d   w i t h i n   t h e   a c t i v e  volume.   This   high  e lectr ic   f ie ld  
sweeps out  the  electron-hole  pairs  which were created  for   every 3.6 eV of 
ionized  energy l o s s  wi th in   the   de tec tor .  The charge  collection  t ime i s  l e s s  
than a nanosecond f o r   t h e  10  micron  detectors  and  less  than  10  nanoseconds  for 
the 200 micron  detectors .  
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The co l lec ted   charge ,   which  is  only 2.67  x  coulombs for   60 keV 
of  energy loss,  i s  ampl i f i ed  by a cha rge - sens i t i ve   ampl i f i e r .   Th i s   dev ice  
c o n v e r t s   t h e   c o l l e c t e d   c h a r g e   i n t o  a vo l tage   pu lse  whose h e i g h t  i s  p ropor t iona l  
to   the   charge   and   hence   to   the   energy  lo s s .  The output from t h i s   a m p l i f i e r  
has  a r i s e   t ime   o f   l e s s   t han  20 nanoseconds  and  a f a l l  time of many micro- 
seconds.   Since  the  height   of   the   pulse   contains   the  only  re levant   information 
i t  can   be   shor tened   to   p revent   severa l   pu lses   f rom  p i l ing   up   and   t r igger ing   an  
e n e r g y   t h r e s h o l d   d i s c r i m i n a t i o n   i n c o r r e c t l y .  For t h i s   pu rpose   t he   ou tpu t  i s  
connec ted   to  a shor ted   de lay   l ine   which  c l ips  the   pu lse   and   res tores   the   base-  
l i n e .  The experiment w i l l  u se  75  nanosecond  delay  lines  which w i l l  produce 150 
nanosecond  wide  pulses.   These  clipped  pulses  are  then  amplified by a f ixed  
g a i n   p o s t   a m p l i f i e r  whose  output i s  connected  to  a l i n e a r   g a t e   a s  shown i n  
Figure A6-1. 

The pulses f rom  the   l i nea r   ga t e s   a r e   ampl i f i ed  once o r  twice more 
by e i t h e r   f i x e d   g a i n   p o s t  amps o r  v a r i a b l e   g a i n  p o s t  amps and   then   fed   in to  a 
d i s c r i m i n a t o r .   I f   t h e   a m p l i t u d e  of the   pu lse  is  g r e a t  enough  the  discrim- 
i n a t o r  w i l l  be t r i g g e r e d .  

The output   o f   each   d i scr imina tor  i s  connected t o  a n   i n t e r f a c e   b u f f e r  
which  provides   the proper  waveform for   the   da ta   sys tem.  The o u t p u t s   a r e   a l s o  
used   for  two types  of   coincidences  as  shown i n   F i g u r e  A6-2. 

The f i r s t  type'   of  coincidence  uses  the  leading  edge  of  the  output 
pu lse   f rom  the   lowes t   energy   d i scr imina tor   connec ted   to   the   10   micron   de tec tor  
t o   t r i g g e r  a 6ne  _shot. The pulse  from  the  one  shot i s  75 nanoseconds  wide. 
The t r a i l i n g   e d g e   o f   t h i s   p u l s e  i s  used t o  t r i g g e r   a n o t h e r  one shot   wi th   an  
output  pulse  width  of  50  nanoseconds. The l a t t e r   p u l s e  i s  thus   de l ayed   i n  
time by  75   nanoseconds   f rom  the   in i t ia t ing   s igna l   and  i s  used   as  a s t r o b i n g  
pu l se   t o   a s su re   t he   va l id i ty   o f   co inc idences   be tween   t he   f i r s t   and   s econd  
de tec tors   o f   each   te lescope .  The o the r   d i sc r imina to r s   a r e   t hen   connec ted   t o  
the   no r   l og ic   and   s t robkd  a t  the  proper  time t o   s e e   i f   t h e   l o g i c  i s  proper.  
The ou tpu t   o f   t he   l og ic  i s  connected t o  the   i n t e r f ace   bu f fe r   wh ich  is  i n   t u r n  
connected  to   the  data   system. 

The second  type  of .coincidence i s  used   fo r   t he   e l ec t ron   ana lys i s .  
In   t h i s   ca se   t he   l owes t   l eve l   ou tpu t   f rom  the  200 micron   de tec tors  i s  u s e d   t o  

before   go ing  t o  the   da ta   sys tem.  
?' t gene ra t e   t he   s t rob ing  pulses. The ou tpu t s   o f   t he   no r   l og ic   a r e   aga in   bu f fe red  

A6.3.2 Modes of   Analysis  

The ins t rument   has   four   separa te   ana lyzers   for   the   t e lescopes .   This  
scheme  allows  simultaneous  measurements i n   a l l   f o u r   d i r e c t i o n s .  Each  te lescope 
i s  sequen t i a l ly   connec ted  t o  each  analyzer  (Figure  A6-8).  The main   reason   for  
do ing   t h i s  i s  t o   a l l o w   a l l   t e l e s c o p e s   i n   t u r n  t o  be  analyzed  with  the same 
e l ec t ron ic s ,   t he reby   a s su r ing   un i fo rmi ty   o f   r e su l t s   and   g iv ing   an   i n t e rna l  
c a l i b r a t i o n .   T h i s  method a l so   p rov ides   r edundancy ;   i n   ca se   o f   f a i lu re   o f   any  
ana lyzer   on ly   t ime  reso lu t ion   would   be   los t .  

The alpha  and g a m  ana lyze r s  make u s e   o f   t h e   f a s t   s t r o b i n g   c o i n c i -  
dences   fo r   bo th   p ro tons   and   e l ec t rons   t o  make a   comple te   spec t ra l   ana lys i s .  
The be ta   and   de l ta   ana lyzers   use   the   co inc idences   on ly   for   e lec t rons .  The 
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eps i lon   ana lyze r  i s  a s i n g l e   d i s c r i m i n a t o r   w i t h  low and  high  gain  being  switched 
a l t e r n a t e l y   t o   s e p a r a t e l y   d e t e c t   p r o t o n s   a n d   e l e c t r o n s ,   r e s p e c t i v e l y .  The 
e p s i l o n   a n a l y z e r  i s  sequent ia l ly   connec ted  t o  the   t h ree   omnid i r ec t iona l   de t ec to r s .  

A6.4 ENERGY MEASUREMENTS 

A6.4.1 E l e c t r o n s  

Each te lescope   has   four   e lec t ron   energy   th resholds :  two a r e   d i f -  
f e r e n t i a l ;   t h e   o t h e r  two a r e   i n t e g r a l .  The omnidi rec t iona l   de tec tors   add   th ree  
more integral   measurements .   Figure A6-9 g r a p h i c a l l y   d i s p l a y s   t h e   e l e c t r o n  
measu remen t s .   S ince   t he   h ighe r   ene rgy   e l ec t rons   a r e   r e l a t iv i s t i c ,   t he   p rope r  
r e p r e s e n t a t i o n  of  the   ene rg ie s  i s  i n  terms of P2/2M0. Table A6-1 (page A6-12) 
g ives   the   e lec t ron   energy   ranges  of  measurement  and  those  of  contaminating 
protons.  The c o n t r i b u t i o n   o f   t h e   l a t t e r  w i l l  be de t e rmined   s epa ra t e ly   ( a s  
shown i n   t h e   n e x t   s e c t i o n )   a n d   s u b t r a c t e d .  The most s a l i e n t   f e a t u r e   o f  t h i s  
t a b l e   i n   t e r m s  of  magnetos h e r i c   p h y s i c s  i s  that  the  measurements o f  t h e   f i r s t  
a d i a b a t i c   i n v a r i a n t  ( k  = P 5 1/2M0B) w i l l  be  determined  over  a  range  of  lo4 a t  
any  point .   This  w i l l  provide a  wide  range of  data  from  which  phase  space 
d e n s i t i e s   c a n  be c a l c u l a t e d .  

A6.4.2 Protons 

Each  te lescope  has   seven  proton  thresholds .   With  the  coincidence 
channe l s ,   one   can   cons t ruc t   de t a i l ed   d i f f e ren t i a l   p ro ton   spec t r a   f rom 80 keV 
t o  120 MeV. Tlre energy  ranges  of  measurement  of  protons  are shown in   Table  
A6-2 (page  A6-13)  agd  Figure A6-9. 

A6.4.3  Alpha P a r t i c l e s  

F o u r   a l p h a   p a r t i c l e   t h r e s h o l d s   a r e   s e t   f o r   e a c h   t e l e s c o p e .  The d i f -  
f e r e n t i a l   e n e r g y   c o v e r a g e '   i n  ,terms of  energy  per  nucleon i s  from  0.235 t o  
7.75 MeV p e r  nucleon.  Table A6-3 and  Figure A6-9 show the  ranges  of   energy 
measurement   of   a lpha  par t ic les .  

TABLE Ab-3. -Alpha P a r t i c l e  
Range  Alpha P a r t i c l e s  

t d Label Ehergy  Range (MeV) 

A E C1 0 . 9  s E, s 2.84 

A E C2 1.75 s E, s 2.84 

A E C1 2.84 5 E, I;: 10 

A E C2 2.84 S E, S 4.6 

0 . 9  s E, s 10 

c2 1.75 5; Ea S 4.6 

F2 10 5 E, s 31 

F3 15 5 E, s 22.5 
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TABLE A6-2. Proton Energy Ranges 

Proton  Energy 
Range (MeV) 

Geometric 
Fact o r  

0.02 cm2 - sr 

Elec t ron  
Threshold (MeV) 

Range 
Label - 
A E  0.08 s E s 0 . 9  

P 
0 . 9  s E s 14 

P 
0.15 S E 5 0 . 9  

P 
0.3 S Ep S 0 . 9  

0 . 9  s Ep s 3.1 

0 . 9  S Ep s 1.77 

0.08 5 E s 14 
P 

P 
0.30 s Ep 1.77 

P 

P 

P 

P 

P 

P 

P 

0.15 s . E  S 3 . 1  

0 . 9  s '"E S 43 

3.1 s E s 6.6 

9.7 s E' 43 

9.8 s E 20 

36 s E s 86 

63 s E 5 105 

8 0  s E S 120 

I n s e n s i t i v e   t o  
Electrons 11 

11 

A E  

A E B1 

A B2 

A E B1 

A E B2 

A 

11 11 

11 11 

I t  11 

11 I 1  

11 11 

11 

B1 

B2 

E 

11 11 

11 11 

11 11 

11 11 

t 

0.02 em2 

11 

11 

11 

11 11 
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A l l  channe l s   a r e   i n sens i t i ve   t o   p ro tons .   Spec t r a l   compar i son   w i th   p ro tons  
on an   energy   or   energy   per   nuc leon   or   energy   per   charge   bas i s  w i l l  b e   e a s i l y  
made s ince  such  comparisons  are  wel l  within  the  energy  range  coverage  of   the 
protons.  Thus t h e   p r o t o n   t o   a l p h a   p a r t i c l e   r a t i o   w i t h i n   t h e   m a g n e t o s p h e r e s   o f  
Jupi ter   and  Uranus  can  be  determined.  

A6.4.4  Mediums (Z > 2) 

It i s  assumed tha t   the   mos t   abundant   energe t ic   ions   wi th  Z > 2 w i l l  
be  carbon,  nitrogen,  and  oxygen  but  the  observed  presence  of  sodium  on I o  
i nd ica t e s   t ha t   d i f f e ren t   abundances   migh t  be p r e s e n t   i n   t h e   v i c i n i t y  of t he  
o u t e r   p l a n e t s .  The proposed  instrument w i l l  g i v e   f i v e   d i f f e r e n t i a l   d e t e r -  
mina t ions   o f   the   energy   spec t ra   and  can b e   c r o s s   c a l i b r a t e d   w i t h   t h e  HET and 
TXT to   de te rmine   abundances   in   the   ou ter   magnetospheres .  The d i f f e r e n t i a l  
energy   coverage   for   carbon i s  shown i n   F i g u r e  A6-9.  The geomet r i c   f ac to r   fo r  
a l l  channels i s  0.02 cm -sr. Nitrogen  and  oxygen  would  have somewhat h ighe r  
ene rgy   r anges   bu t   i n  terms of  energy per n u c l e o n ,   t h e y   a r e   a l l   s i m i l a r .  

2 

A6.5 ANGULAR DISTRIBUTIONS 

1. A n g u l a r   d i s t r i b u t i o n s   c o n t a i n  a weal th   o f   in format ion   on   par t ic le  
s t r e a m i n g ,   d i f f u s i o n a l   p r o c e s s e s ,   s a t e l l i t e   s w e e p i n g   a n d   i n j e c t i o n   e f f e c t s ,  
t h e   i d e n t i f i c a t i o n   o f   s o u r c e s   a n d   s i n k s   o f   p a r t i c l e s ,   a n d   c o r o t a t i o n a l   e f f e c t s .  
Ir, a d d i t i o n ,  f i e  a x i s   o f   r o t a t i o n a l  symmetry   o f   t rapped   par t ic le   angular   d i s -  
t r i b u t i o n s   g i v e s   t h e   d i r e c t i o n   o f   t h e   l o c a l   m a g n e t i c   v e c t o r ,   w i t h o u t   r e f e r e n c e  
t o  magnetometer  data. When magne tomete r   da t a   a r e   ava i l ab le ,   t he   i n t e rp re t a t ion  
o f   a n g u l a r   d i s t r i b u t i o n s  i s  grea t ly   enhanced .  

2. Thus,   the   measurement   of   angular   dis t r ibut ions i s  s t r o n g l y   d e s i r -  
able ,   There are  several '   techniques  for  making  such  measurements  on a non- 
r o t a t i n g   s p a c e c r a f t :  

(a) A two-ax i s   rock ing   o r   ro t a t ing   p l a t fo rm  ca r ry ing  a s i n g l e  
d i r e c t i o n a l   d e t e c t o r .  

! (b) A se t  o f   s e v e r a l   d i r e c t i o n a l   d e t e c t o r s   o f   i d e n t i c a l  
c h a r a c t e r i s t i c s   a n d   w i t h   d i f f e r e n t   v i e w i n g   d i r e c t i o n s ,  
a l l   f i x e d   i n   s p a c e c r a f t   c o o r d i n a t e s .  

(c) An a c t i v e   e l e c t r o s t a t i c   a n d / o r   e l e c t r o m a g n e t i c  beam- 
sweeping  device  in   conjunct ion  with  one  or  more d e t e c t o r s .  

(d) A hybrid  combinat ion  of   the  foregoing.  

We have   re jec ted   t echnique  (a) because of i t s  complex i ty   and   t he   r i sk   a s soc ia t ed  
wi th   mechanica l ly  moving  equipment  on  spacecraft;   also we have   r e j ec t ed   t ech -  
nique  (c)  because  of  weight  and power c o n s t r a i n t s  a n d   t h e   v e r y   g r e a t   d i f -  
f i cu l ty   o f   cove r ing   t he   des i r ed   ene rgy   r ange .  

We have  adopted  technique ( b ) .  An idea l   sys t em  o f   t h i s   t ype  would 
s u b d i v i d e   t h e   e n t i r e   u n i t   s p h e r e   i n t o  n e q u a l   s o l i d   a n g l e s   w i t h  n of   the   o rder  
of  20 o r   g r e a t e r .  We h a v e   s e t t l e d  on a l e s s e r  number,  namely n = 4 ,  on  the  
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bas is   o f  a miscellany of p r a c t i c a l  considerations--reasonable adequacy  for  the 
problem a t  hand; minimum p r a c t i c a l   s o l i d   a n g l e   f o r  low mass telescopes,   having 
r e l a t ive ly   t h in   s ide   sh i e ld ing ;   des i r ed  time resolu t ion   ( t ime  requi red   to  go 
through a complete  cycle  of  outputs  with a p rac t i ca l   t e l eme t ry   r a t e ) ;   e s t ab l i sh -  
ment of phys i ca l   i n t e rca l ib ra t ions ;  mass; power; c o s t ;   a v a i l a b l e   f i e l d s  of 
view  on t h e   s p a c e c r a f t ;   e t c .  

In   o rder   to   de te rmine   angular   d i s t r ibu t ions   wi th  a f ixed   a r ray  of 
s eve ra l   t e l e scopes ,   spec ia l   ca re  must be taken  in  construction,  choice  of 
de tec tor   e lements ,   se t t ing  of d i s c r i m i n a t i o n   l e v e l s ,   e t c .   t o   a s s u r e   t h a t   a l l  
t e l e scopes   have   e s sen t i a l ly   i den t i ca l   cha rac t e r i s t i c s .  The f inal   in tercom- 
parison w i l l  be made wi th   pa r t i c l e  beams in   the   l abora tory .  The i n f l i g h t  
data  scheme interchanges  amplif ier   and  output   e lectronics  among the  four 
telescopes  on a c y c l i c   b a s i s ,   a s  a f u r t h e r  measure  toward accu ra t e   i n t e r -  
comparison. 

3 .  The adopted  cr i ter ia   for   look-direct ions  are   as   fol lows:  

The look  direct ions  should be widely  dis t r ibuted  over  
t h e   u n i t   s p h e r e   i n   o r d e r   t o   y i e l d  good angular  coverage. 

The arrangement  of  look  directions  should be a non- 
degenerate  one. For studying a quasi-s ta t ionary 
trapped  particle  population,  for  example,  no two 
te lescopes  should  look  in   diametr ical ly   opposi te  
d i r e c t i o n s .  

Fu r the r   i n   t he   i n t e re s t  of preventing  degeneracy,  the 
o r i e n t a t i o n  of the   a r ray  of telescopes on the  space- 
c ra f t   shou ld  bd such a s   t o   avo id   p red ic t ab le   s i t ua t ions  
a t  bo th   Jupi te r  and  Uranus i n  which two o r  moze look 
d i r e c t i o n s   a r e   a t   n e a r l y   t h e  same angle   to  +, B, where B 
i s  the   l oca l   magne t i c   f i e ld   un i t   vec to r .  

No telescope  axis  should be wi th in  40" of  pointing  toward 
the  sup,  because  of  the  sensit ivity of  the f i r s t  element 
of the  te lescope  to   solar   e lectromagnet ic   radiat ions.  

All detectors   should  have  f ie lds  of  view  unobstructed  by 
physical   obstacles  ( S / C  s t r u c t u r e ,  booms, e t c . )   t o   avo id  
occul ta t ion   o f   the i r   so l id   angles   as   wel l   as   sun   "g l in t s" .  

C r i t e r i a   ( a )  and  (b) a r e  met with a symmetrical   tetrahedral  arrangement  of  four 
telescopes,  the  angle  between  the  axes o f  any  pair   of  telescopes  being  arc 
cos (- 1 /3 )  = 109.5". From examination of the  proposed  spacecraft   structure 
and the   i n - f l i gh t   o r i en ta t ion  program fo r   t he   spacec ra f t ,  i t  appears   that  
c r i t e r i a   ( c ) ,   ( d ) ,  and  (e)  can  also be  met. Cr i te r ion   (d)  w i l l  be v io l a t ed  
e a r l y   i n   f l i g h t  and  perhaps  during  subsequent  orientation  maneuvers when the 
t ransmit t ing  antenna i s  not  pointed a t   the   ear th ;   dur ing   such   per iods   the  
experiment must be turned   of f .   Cr i te r ion   (c )   can  be  met during most  of the 
Jovian  encounter on the   bas i s  of e x i s t i n g  knowledge.  But,  because  of  ignorance 
of  the  magnetic  topology a t  Uranus,  any  specific  arrangement  of  telescopes may 
be i n  a degene ra t e   s i t ua t ion   a t   t imes ;  however,  general  consideration  of  the 
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problem  ind ica tes   tha t ,   even   a t   Uranus ,  a d e g e n e r a t e   s i t u a t i o n  w i l l  be of  only 
l i m i t e d  du ra t ion   fo r   t he   a r r angemen t   t ha t  we have  adopted, The proposed 
l o c a t i o n   o f   t h e  MTA is near   the  outboard  end  of   the  instrumentat ion boom a t  the 
same p o s i t i o n   a s   t h e  CRS cosmic  ray  instrument on the  MJS s p a c e c r a f t .  

Each t e l e scope   has  a c o n i c a l   f i e l d   o f  view  with  half   angle   about  20°. 

4. It i s  ev iden t   t ha t   da t a   f rom  fou r   t e l e scopes   l ook ing   i n   fou r  
non-degenerate   direct ions  can  determine  four   independent   parameters  i n  an  
a n g u l a r   d i s t r i b u t i o n   o f  known o r  assumed  form. Two of these  parameters   can be- 
t h e   d i r e c t i o n   c o s i n e s  of t h e   a x i s  of  symmetry of t h e   d i s t r i b u t i o n .  

Examp l e  s : 

( a )   Coro ta t iona l   s t r eaming   o f   an   angu la r   d i s t r ibu t ion   t ha t  i s  
i s o t r o p i c   i n   t h e   c o r o t a t i n g  frame  of  reference: 

Four  parameters:  M, K,  and  two d i r e c t i o n   c o s i n e s   o f  
t he   s t r eaming   d i r ec t ion .  

(b )   "Pancake"   d i s t r ibu t ion   o f   t r apped   pa r t i c l e s  

- j = M  1 s i n n @  I . 
Four  parameters:  M, n,  and two d i r e c t i o n   c o s i n e s  of  

t h e   a x i s   o f  symmetry. 

(c )  Sum of i so t rop ic   and   "pancake"   d i s t r ibu t ions  

j = M'[  I?*+ K s i n 2  8 ] . 
Four parameters :  M, K, and two d i r e c t i o n   c o s i n e s  of  

the a x i s  o f  symmetry. 

(d) More gene ra l   ca se  o f  (c)  
% 

j = M [  I + K  l s i n n p  1 ] . 
Five  parameters :  Can determine M, two d i r e c t i o n   c o s i n e s   o f  

t h e   a x i s   o f  symmetry  and  K(n) o r  n(K). If 
B i s  avai lable   f rom  magnetometer   data ,   can 
determine M, K, and  and  can  check  one 
d i r e c t i o n   c o s i n e  o f  B. 

( e )  Sum o f  "pancake"  and "dumbbe11" d i s t r i b u t i o n s  

n 

Six   parameters :  If B known, can  determine  remaining  four 
parameters :  M, m, K, and n. 
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The foregoing   descr ip t ive   ana lys i s  i s  straightforwardly  obvious  only 
for   te lescopes of i n f in i t e s ima l   so l id   ang le .  For ac tua l   t e lescopes  of f i n i t e  
so l id   angle ,   in tegra t ion   of   the  assumed angular   d i s t r ibu t ion   over   the   angular  
response  function  of  the  telescope  must be performed.  This i s .  a numerical 
complication  but  not one  of p r inc ip l e .  

5 .  As a f i r s t  example,  an e x p l i c i t   s o l u t i o n  i s  given  for  case  (a) 
of  paragraph 4 .  fo r   ou r   t e t r ahedra l   a r r ay  of telescopes,   assuming  infinitesimal 
so l id   ang le s .   Le t   t he   un id i r ec t iona l   i n t ens i ty  be  assumed t o  be 

j = M [  I f K c o s p ]  

with  the  angle p measured  from  an unknown vec tor   s t reaming  d i rec t ion .  The 
i n t e n s i t i e s  measured  by  the  four  telescopes  are  denoted by j l ,  j 2 ,   j 3 ,  and j 4 .  
A r i g h t  handed  orthogonal  coordinate  system,  fixed  in  spacecraft  coordinates, 
i s  arranged s o  that   the   spherical   polar   coordinates  of the  axes  of  the  four 
te lescopes   a re :  

e l  = 54O.7 cP1 - - oo 

8 2  

e 3  

e 4  

= 54O.7 

= 125O.3 

= 125O.3 

'p2 

q 3  

= 180" 

= 90" 

V 4  
= 270" 

The (unknown) spherical   polar   coordinates  of the  vector   s t reaming  direct ion  are  
denoted  by r and x. The problem i s  t o   f i n d  M ,  K, r ,  and X i n  terms  of  the 
observed   in tens i t ies  j l ,  j 2 ,  j 3 ,  and j 4 .  

By the law of cosines 

cos p i  = cos e i  cos r + s i n  e l  s i n  r cos ( x - v i ) ,  

i = 1, 2 ,   3 ,  4 .  

Thus, 
1 

cos p1 = - (cos r + J 2 s i n  r cos X) 
J 3  
1 cos 8 = - (cos r - J 2 s i n  r cos X) 

J 3  

J 3  

J 3  

1 cos p = -  (cos r - J 2 s i n  r s i n  X )  - 

cos p 4  = -  - (cos r + J 2 s i n  r s i n  X ) .  

The four unknown q u a n t i t i e s   a r e   g i v e n   e x p l i c i t l y  by the  following: 
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M = (j, + j, + j3 + j4) /4, independent of  all  other parameters 

The omnidirectional intensity 

6 .  A s  a second  example,  an  explicit  solution is given for case (c) 
of paragraph 4. 

j = M [l + K sin 2 

with the angle p _measured  from an unknown vector axis of symmetry (B) . By the 
same procedure as in, paragraph 5 ,  we find 

A 

4 (1 + 2K/3) 
f 

o r  

4 

The  omnidirectional  intensity, 
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J = jdC2 = 4W(1  + 2K/3) 
4TT 

7. For  the  actual   te lescopes  having  f ini te   sol id   angles ,   f inal  
so lu t ions  w i l l  be   ob ta ined   by   i t e ra t ion   us ing   the   so lu t ions   for   in f in i tes imal  
so l id   ang le s   a s   t he   s t a r t i ng   po in t  and  performing integrat ions  over   the  angular  
response  functions  of  the  telescopes. 

8. The ten ta t ive ly   adopted   spher ica l   po lar   coord ina tes  of the  axes 
of   the  four   te lescopes  are   given  in   the  fol lowing  table   in   convent ional   space-  - c ra f t   coo rd ina te s .  The spec i f i ed   ang le s   r e f e r   t o   un i t   vec to r s   a long   t he  
respect ive  axes   of   the   te lescopes  with  the  uni t   vectors   point ing  in   the  direc-  
t i o n s  from  which pa r t i c l e s   en t e r   t he   co l l ima to r s .  The polar  angle 8 is  
measured  from the  +Z (an t i -ear th-poin t ing)   ax is ,  and the  azimuthal  angle i s  
measured i n   t h e  XY plane  from  the +X ax i s   t o   t he   p ro j ec t ion  of t he   un i t   vec to r  
on that   p lane.  

Telescope e (P 

R 25". 00 0". 00 
S 120 .09 70 .67 
T 84 .47 180 .OO 
U 120 .09 289 .33 

Th i s   o r i en ta t ion  of t he   t e t r ahedra l   a r r ay  meets c r i t e r i a   ( d )  and (e)  of 
paragraph 3 and  appears Po o f f e r  a reasonably  satisfactory  approach  to  meeting 
c r i t e r i o n   ( c )   a l s o .  

A6 -6 SPURIOUS EFFECTS 

Any system  of   charged  par t ic le   detectors   that  i s  p r a c t i c a l   f o r   t h e  
MJU miss ion   in  terms of mass and power i s  sub jec t   t o  a var ie ty   o f   phys ica l  
and e l e c t r o n i c   e f f e c t s  which  cause  departures from the  idealized  performance 
o f t en  assumed in   s impl i f ied   ana lyses .  Such e f f e c t s ,  though usua l ly   ca l l ed  
spurious,  are nonetheless   predictable  and calculable   under   specif ic   assumptions.  
Included among spur ious   e f fec ts   a re   (a )   pu lse   p i le -up;   (b)   pene t ra t ion  of 
de tec tor   e lements   by   par t ic les   energe t ic  enough to  pass  through  the  side and 
back  shielding of te lescopes;  and (c)   accidental   coincidences and a n t i -  
coincidences. 

E f fec t s   ( a )  and  (c)  are  strongly  dependent on t h e   i n t e n s i t i e s   a s   w e l l  
as on  the  form  of  the  spectra  of  the  various  species  of  particles  under  con- 
s ide ra t ion .  These e f f e c t s  have  been  minimized  by  the  use of small de tec to r s  
and f a s t   e l ec t ron ic s .   E f fec t   (b )  i s  independent  of  intensity  but i s  dependent 
on the form  of relevant  spectra.  These  various  problems  have  been  analyzed  for 
the MTA and a r e  summarized b r i e f ly   a s   fo l lows :  

(a)  Pulse  Pile-Up 
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For any   pos i t i on   i n   t he   Jov ian   magne tosphe re   i n  t o  t he   i n t ended   r ad ius  
of   c loses t   approach   of  5.8 R i n  the   magnet ic   equa tor ia l   p lane ,  pulse p i le -up  
i s  a t r i v i a l   p rob lem  fo r   bod   t e l e scope   e l emen t s   and   cub ica l   de t ec to r s .  

(b) Back Penet ra t ions   o f   the   Te lescopes  

The minimum shie ld ing   of   the   back   of   the   t e lescope  i s  4 . 8  grams/cm . 2 

E lec t rons  E, > 7 MeV and  protons Ep > 71  MeV can   pass   th rough  the   t e lescope  
i n   t h e   o p p o s i t e - t o - n o m i n a l   d i r e c t i o n .  There a r e  no c o n t r i b u t i o n s  by  back- 
p e n e t r a t i n g   p a r t i c l e s  of lesser   energ ies .   Those   o f   h igher   energ ies   a re   p roper ly  
measured by t h e   s p h e r i c a l   d e t e c t o r s .  

(c)  Accidental   Coincidences  and  Anti-Coincidences 

The suppress ion   of   an t i -co inc idences  by a c c i d e n t a l s  i s  found by 
d e t a i l e d   a n a l y s i s   t o  be  a  minor  problem  even t o  maximum Jovian  encounter  
cond i t ions .  

However, severa l   co inc idence   channels  w i l l  r e q u i r e   s u b s t a n t i a l  
cor rec t i .on   under  maximum Jovian   encounter   condi t ions .  Such co r rec t ions   can  
be made wi th   r easonab le   ce r t a in ty  by us ing   t he  full body  of   da ta ,   espec ia l ly  
t h e   s i n g l e   e l e m e n t   r a t e s .  

(d)   Side-Wall   Penetrat ions  of   the   Telescopes 

There i s  nd   problem  wi th   s ide-wal l   pene t ra t ing   p ro tons   under   any  
a n t i c i p a t e d   c o n d i t i o n s .  The problem  with  e lectrons i s  s t rongly  dependent  on 
t h e i r   s p e c t r a l  form.  For  the 200p d e t e c t o r s   a n d   f o r   d i f f e r e n t i a l  puwer  law 
spectrum  of  the  form E'Y, t h e   c o l l i m a t e d   t o   u n c o l l i m a t e d   c o u n t i n g   r a t e   r a t i o  
caused by E, > 7 MeV e l e c t r o n s   ( t h e  minimum energy   requi red  t o  pene t r a t e   t he  
s i d e   w a l l )  i s  10/1 f o r  y = 2.4? For 7 = 1.9, t h e   r a t i o  i s  1/1. Hence, t he re  
w i l l  be   condi t ions i n  the  inner magnetosphere  of  Jupiter  during  which  the 
high  energy  e lectron  channels   of   the   te lescope w i l l  be  ambiguous ( i . e . ,   t he  
proper   geometr ic   fac tor  w i l l  be   uncertain  by a factor   of   about  4 ) .  Even i n  
such  a case, the   responses  o f  t h e   s p h e r i c a l l y   s h i e l d e d   d e t e c t o r s  w i l l  g ive  
unambiguous  coverage  of   the  high  energy  port ion  of   the  e lectron  spectrum,  though 
a n g u l a r   d i s t r i b u t i o n   i n f o r m a t i o n  w i l l  b e   l o s t .  

3 

It i s  no tewor thy   t ha t   t he   t h ree   sphe r i ca l   de t ec to r s   a r e   a lmos t  com- 
p l e t e l y  immune t o   s p u r i o u s   e f f e c t s ,   A l s o ,   t h e   i n t e n s i t y   s i t u a t i o n   a t  Uranus 
w i l l  a lmos t   ce r t a in ly   cause  no s i g n i f i c a n t  problems f o r   e i t h e r   t e l e s c o p e s  o r  
s p h e r i c a l   d e t e c t o r s .  

Count ing  ra tes   caused  by gamma rays   and   neut rons   f rom  the   rad io-  
i so tope   t he rmoe lec t r i c   gene ra to r s  (RTG's) a r e   o f   t r i v i a l   i m p o r t a n c e   d u r i n g  
magne tosphe r i c   t r ave r sa l s .  
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APPENDIX A7 

ELET 

A schematic  diagram  of  an ELET te lescope  COLLIMATOR 8 
i s  shown in   F igu re  A7-1. It is a single-ended t e k -  THERMAL RADIATOR 
scope  with a geometr ica l   fac tor  of  0.06 cm2 ster. 
This  telescope  has  been  designed  to  extend  multi-  rg 
dimensional   analysis   to   the  lowest   pract ical   ener-  
gies.   This  energy  range of ana lys i s   fo r   d i f f e ren t  
charges is  shown in   F igure  A7-2 for   bo th  two- D l  + 
parameter  and  three-parameter  analysis. I/ 

A block  diagram and t r u t h   t a b l e   f o r   t h e  
e lec t ronics   sys tem i s  shown i n  Fig. A7-3. This 
system is  b u i l t  of t h e  same c i r c u i t r y  modules de- D3 
veloped  for   the HETS and LETS f o r   t h e  MJS '77 m i s -  D4 
sion.   In   operat ion  the  e lectronics   system is very 
similar t o   t h e  LET system  described  in  the  follow- 
ing  Appendix, A8,  a l though  var ious  l inear   gains  and 
thresholds  are different   (see  Table   7-1 of t he  
main proposal) .  The  sum CD1+KlD2+K2D3=SD i s  ap- 
p l i e d   t o  a tKreshold t o   s e p a r a t e  hydrogen  and  helium 
events  (Type 1)  from a l l   h e a v i e r   e v e n t s  (Type 2) .  
The Type 1 and Type 2 events   a re   separa te ly   s tored  FIGURE  A7-1: 
and  read  out  into  telemetry  with  equal  priority  in  Schematic of ELET 
the   readout   po l l ing  scheme. The pulse-height  ana- 
lyzers  used  have 4096 channels. 

\ 

ELET 
D l ,  D2 I 6pm x 30 mm2 
D3  ,D4 : 60pm x 1 5 0  mm2 - Icm 

The thicknesses  of t he  
dE/dx  and E de t ec to r s  (6 and  60u, 
respec t ive ly)  are matched so  t h a t  
the   energy   losses   in   the  dE/dx 6- 
de tec to r s  w i l l  always  be  safely 
above the   no i se   fo r   t hese  de- 
t e c t o r s ,  even for   protons.  The 10- 

sys t em  no i se   fo r   t he  D l  and D2 - 12- 
s i g n a l s  w i l l  be  25-30 keV FWHM, - 
a l lowing   c lean   th resholds   to   be  
set a t  80 keV. These  thresholds 1 6 -  
are then 50 below the  average 0 18- 
sl lgnals   generated  in  D l  and D2 
by a proton  not   qui te   reaching 
D4. Figure A7-4 (see  Page A7-3) 
shows the  energy loss t o   b e  ex- 
pected  in   each  e lement   for   the 
d i f f e ren t   i so topes  of H and He. 
Counters  thinner  than 6p are 
ava i l ab le ,   bu t   i n   add i t ion   t o  
the  problems  of  signal  versus MeV/amu 
no i se   fo r   p ro tons  as noted  above, 
such  thin  counters  are b a s i c a l l y  FIGURE  A7-2 

N 

c 

0.1 I IO 
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unsui ted   for   charge   s tud ies  
because  of  thickness  vari-  
ations  which.  are - ILL. With 
our maximum opening  angle  of 27.5' ,  
t h e  maximum pathlength is  1.13 
times t h a t   f o r  a v e r t i c a l   t r a j e c -  
tory.   This   pathlength  var ia t ion 
is  compatible  with  the  expected 
116 o r  16% v a r i a t i o n   t o   b e  expec- 
t e d   i n   t h e  dE/dx de tec tor   th ick-  
ness .   These  var ia t ions w i l l  l i m i t  
individual   charge  separat ion up 
t o  Z $ 10. For   heavier   nuclei  
the   reso lu t ion  i s  $2 charge  uni ts .  

Multi-dimensional  coin- 
c idence/pulse-height   analysis  
techniques are e s s e n t i a l l y  back- 
ground free,   whereas a s i n g l e  
parameter  analysis  tends  to  have 
a l a r g e   r e s i d u a l  "background"  of 
even t s   t ha t  i s  frequent ly   very 
d i f f i c u l t   t o   e v a l u a t e .  A s  a re- 
s u l t  of t h i s  low background  and 

L 2 . 3 0  
'H 

0.11 I I I I I I l l  I I I I l l l l  
0.1 I IO 

E Loss(MeV1 

FIGURE A7-4:  AE VS. E 

l a r g e r  geometry f a c t o r ,  w e  expect  the ELET t o   b e  $50 times more sens i t i ve   t han  
t h e  LET-I1 t e lescope  on Pioneers  10  and 11. The ELET te lescope w i l l  thus   be 
a b l e   t o  megsure  accurately  the  quiet- t ime  intensi ty  of a l l   t y p e s  of p a r t i c l e s  
which  would be  obscured  in  the  background  of a s ingle   parameter   analysis .  The 
geometry f a c t o r  is l a rge  enough so tha t   a t   qu ie t - t ime  leve ls   usefu l   f lux  mea- 
surements  can  be made f o r  most a l l   nuc le i   over   an   ex tended   per iod  of time. 
For  example, i n  $1 year  w e  expect Q200 oxygen n u c l e i   a t  $1 MeV,  even i f   t h e  
spectrum  does  not t u m  up. 
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APPENDIX A8 

LOW ENERGY TELESCOPE 

The  low energy  telescope (LET) , s c h e m a t i c a l l y   i l l u s t r a t e d   i n  
Figure A8-1, is  intended  to  measure  the  energy  spectrum and anisotropy 
of  cosmic-ray  nuclei.  This  measurement is performed  over  the  charge 
range  from 1 t o  28. 

Anisotropies are measured  by com- 

5 - - - - 2 7 3 p m  AL' 

WINDOW 

p a r i n g   r e s u l t s  from the   fou r  LET'S on t h e  
spacecraf t .  An important   feature  i s  t h e  \ 
use  of  keyhole  detectors  for L 1  and L2. \ / The active area of t he   de t ec to r s  is accu- \ / 
r a t e ly   de f ined  by using a mask t o   p r e c i s e l y  
determine  the area over which t h e  Au and ke 285 rnrn 

contacts  are deposited.  The keyhole  design L3.L4 : 450prn x \ /  
al lows  precise  measurement  of t h e  geometry 400mrn2 2' 
factor  of  each LET. I \  / \  

COLLIMATOR 8 
THERMAL  RADIATOR 

L I  P 

LET \ 
L ' s L 2  : 35 prn x2 

7 5 o y  

Beyond the  charge-sensit ive  pre- 
ampl i f ie rs  and shaping  amplifiers,  a LET 
e lec t ronics   sys tem  cons is t s  of coincidence 
c i r cu i t ry   t o -de te rmine   i f   an   even t   has  
occurred,  pulse-height  analyzers and a ra te  
accumulator  system as shown in   F igure  A8-2. 
As summarized in   Table  A8-1 and shown in   F igure  A8-2, t h e r e  are two ana lys i s  
modes based upon the  amplitude of t h e  sum C L 1  + 0.42 L2 + 1.65 L3 , and events  
are labe led  Type 1 o r  Type 2 accordingly.  These  events are sepa ra t e ly   s to red  
and  normally  read  out h t o  telemetry wi th   equal   p r ior i ty   in   the   readout  
po l l ing  scheme. Detec tor   th resholds  are s e t  a t  200 KeV f o r  L 1  and L2 and 
a t  1 MeV f o r  L3 and L4, and add i t iona l ly   t he re  is  a fou r - l eve l   i n t eg ra l  
analyzer  on L 1  (see  Table A8-2). Pulse-height  analyzers  with  4096-channels 
are provided   for  L1 ,  L2 'and L3. A versati le command system  allows  for  change 
of the   pu lse-he ight   ana lys i s   condi t ions ,   the   ra te   log ic ,   readout   p r ior i ty  
and power on/off   control  of the  var ious  preamplif iers .  

FIGURE A8-1 

With the   spec i f ied   de tec tor   th resholds ,   the   energy   ranges   spec i f ied  
in   Table  A8-1 are calculated.   These  calculat ions are based on the   s tandard  
energy-loss  tables;   previous  experience shows t h a t   s u b s t a n t i a l   c o r r e c t i o n s  
t o   t h e   t a b l e s  w i l l  have t o   b e  made  on t h e   b a s i s  of ca l ib ra t ion   da t a .  

Figures A8-3 and A8-4 show the   r e sponse   t o   pa r t i c l e s   o f  several 
types.  The energy loss, AE, i n  L1 (Figure A8-3) o r  L1 + L2 (Figure A8-4) is  
p l o t t e d  as a function  of  residual  energy, E'  , i n  L2 (Figure A8-3) o r  L3 
(Figure A8-4). As i l l u s t r a t e d  by the   d i f f e ren t   pa r t i c l e   t r acks   i n   F igu res  
A8-3 and A8-4, t h e  AE and E'  fo r   each   ana lyzed   par t ic le   can   be   used   to   ca lcu-  
l a te  the  mass of t h e   p a r t i c l e .  Any u n c e r t a i n t i e s   i n  AE o r  E' r e s u l t   i n  
unce r t a in t i e s   i n   t he   ca l cu la t ed  mass. One of   the   l a rges t   uncer ta in t ies  i s  
the   angle   o f   inc idence   o f   the   par t ic le .  As an  example, the   ca lcu la ted   locus  
of l6O events  is  shown f o r   t h e  two extreme  angles  of  incidence, Oo and 25O. 
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TABLE A8-1: LET ENERGY RANGE 

(Energ ies   in  MeV/nuc) 

MODE OF ANALYSIS PARTICLE TYPE 

IH 4He l6O 6Fe 

L 1  0.5-1.7 0.4-1.6  0.3-3.3 0.2-3.8 

L1L2 1.7-3.0  1.6-2.7  3.3-5.3  3.8-6.3 

LlL2L3 3.0-8.4  2.7-8.4  5.3-18  6.3-35 

(Table   inc ludes   e f fec ts  of window and discr iminator   thresholds . )  

TABLE A8-2: LET ANALYSIS MODES AND RATES 

Analysis Mode 1) Typical  Event Type 
L1*L2*  (L3)  -SL*L4 'H and 4He:  1 . 7  6 E 6 8.4 MeV/nuc 
Ll*L2*(L3) *SL*L4 Z 3:  3.5 6 E 6 18 MeV/nuc 

Rate  Information Typical  Event  Rate 2) 
Ll*L2*(L3)*SL*L4 
LleL2-  (L3) OSL'L4 
Ll-L2*L3*L4 
L 1 1  
L12 
L13 
L14 
L 1  
L2 
L3 
L4 

Rat e 
Rate 
Rat e 
L 1  > 
L 1  > 
L 1  > 
L 1  > 

of 'H, %e: 1.7 6 E 6, 8.4 MeV/nuc 
of Z 2 3:  3.5 6 E 6 18 MeV/nuc 
of 'H, 4He :  3 6 E 6 8.4 MeV/nuc 
0.45 MeV 
1.88 MeV Integral   Analyzer 
7.5 MeV 
75.7 MeV 

Single   Detector  Rates 

..\ 

(L3) ind ica t e s   t ha t   t he  L3 requirement  can  be  implemented by 
cormnand. SL ind ica t e s  a s lan t   th reshold  set between 4He and 6 L i .  

2)Rate  information is  ava i lab le   for   each  LET ind iv idua l ly .  
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Figures  A8-5 and A8-6 show t h e   c a l c u l a t e d  mass r e s o l u t i o n   o f   t h e  
LET. The p a t h l e n g t h  component (SPL i s  clear ly   dominant .   This  term is due 
t o   u n c e r t a i n t y   i n   a n g l e   o f   i n c i d e n c e  and  non-uniformity  of   detector   thick-  
ness (0.5  microns).  The  Landau f l u c t u a t i o n s   i n  AE c o n t r i b u t e  ((SFL) as do 
e l e c t r o n i c   u n c e r t a i n t i e s  ( 0 6 ~  and 0 ~ ' )  i n  AE and E ' .  These   e l ec t ron ic  
u n c e r t a i n t i e s  are due t o   n o i s e  and PHA channel  width.  

I n   a d d i t i o n ,  an " in t eg ra l   ana lyze r "   has   been   connec ted   t o  L1. 
T h i s   i n t e g r a l   a n a l y z e r  i s  a set of f o u r   d i s c r i m i n a t o r s  set a t  t h r e s h o l d s  
of  0.45, 1.88, 7.5,  and 75.7.MeV. Ca lcu la t ions   based  on  power-law s p e c t r a  
(dj/dE = kE-2) and  normal  cosmic-ray  abundances show t h a t   i n   t h e   f i r s t  

dominant ly   p ro tons ,   the   s igna l - to-background  ra t io  is 4.8. S i g n a l  i s  con- 
s i d e r e d   t o   b e   p r o t o n s   i n   t h e   s p e c i f i e d   0 . 4 5   t o  1.88 MeV energy  range, 
whi le   p ro tons   wi th  E > 1.88 MeV are considered  background.  For  helium 
n u c l e i   i n   t h e   s e c o n d   c h a n n e l   ( 1 . 8 8   t o   7 . 5  MeV) , t h e   s i g n a l   t o   b a c k g r o u n d  
r a t i o  i s  1.3. Oxygen is t h e  most  abundant  element i n   t h e   t h i r d   c h a n n e l ,  
but   s ignal /background is only 0 .1  f o r   t h e  assumed s p e c t r a .   I f   t h e  "Oxygen 
excess"   measured  near   Earth persists i n t o   i n t e r s t e l l a r   s p a c e ,   t h i s   r a t i o  
w i l l  b e  > 1. See   F igure  A8-7. The primary  advantage of t h e   s i n g l e   p a r a -  
meter mode i s  the   l a rge   geometr ica l   fac tor   (5   cm2sr )   which   permi ts   de te r -  
mina t ion   of   an iso t ropies   o f  Q1% i n  one  month f o r   s p e c t r a   s o f t e r   t h a n  E-2. 

11 channel," i .e. , the   energy  l o s s  region  f rom  0.45  to  1.88 MeV which i s  pre- 

I o5 FIGURE A8-7: Ene rgy- los s   spec t r a   fo r  several n u c l e i  

X " '  
q 

are shown. These are c a l c u l a t e d   f o r   t h e  Y = 2 power- 
law spectra s p e c i f i e d   i n   t h e   t e x t .   S o l i d   l i n e s  are 

t e d   l i n e  is due to  very-high-energy  protons.  
I o4 - v a l i d   p a r t i c l e s .  Dashed l ines   background.  The dot- 

- i i  

NOTE: F igu res  A8-5 and A8-6 appear on t h e   f o l l o w i n g  
pages. 
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APPENDIX A9 

THE HIGH ENERGY TELESCOPE SYSTEM 

The  High  Energy  Telescope  System 
(HETS) c o n s i s t s  of t h e  double-ended te lescope 
i l l u s t r a t e d   i n   F i g u r e  A9-1 and the   e l ec t ron ic s  
i l l u s t r a t e d   i n   F i g u r e  A9-2 (see  Page A9-2). 
The HET te lescope  is a unique  combination of 
s o l i d - s t a t e   d e t e c t o r s :  A and A are curved 
su r face   ba r r i e r   de t ec to r s?  B an3 B are curved 
Li -dr i f ted   de tec tors ,  and  Cllthroug$ C are t h e  
c e n t r a l  areas of  double-grooved L i - d r d t e d  de- 
t e c t o r s .  The double  grooves create annular de- 
tectors   around  each  central  area. The annular  
de t ec to r s   t aken   t oge the r   cons t i t u t e   an   an t i -  
coincidence  or  guard  detector  (denoted G) sur- 
rounding C through C4. A double-grooved de- 
t e c t o r  i s  l l l u s t r a t e d   i n  Appendix A10. Acceler- 
a t o r  tests i n d i c a t e   t h a t   c r o s s   t a l k  between t h e  
c e n t r a l  and  annular  areas i s  less than  one 
p a r t   i n  2,OQO. The A and B detectors   are   curved 
to   min imize   va r i a t ions   i n   pa r t i c l e   pa th   l eng th  
in   t hese   de t ec to r s   due   t o   t he   f i n i t e   t e l e scope  
opening  angle. 

1 

A l 8  CM'x 0.15 MM 
C I - 9  CM'x3 MM 
Cz- 9 CM'x 6 MM 

G C3- 9 CM'x 6 MM 

C4- 9 CM'x 6 MM 

8,- 8 CM'x 2 MM 

t - 8 , - 8 C M 2 x 2  MM 

Three classes of events  are recog- HIGH  ENERGY TELESCOPE (HET) 

nized by the   e l ec t ron ic s ,  two stopping (S1 and  Figure A9-1 
S ) and  one penetrat ing  (P) .  S1 events are - - 
c ia rac t e r i zed  by the  coincidence  condition A A C G Trajectory 1 i n   F i g .  A9-1 
i s  a t y p i c a l  S event .   For   par t ic les   s topplng  In  A2, de t ec to r s  A and A 1 2 4 '  

o p e r a t e   i n  a d&/dx by E- mode. For   par t ic les   s topping   in   the  CI+C2)c s t ack ,  
A1 and A 2  provide  double dE/dx  measurements while  C +C Sc measures  ?he resi- 
dual  energy.  For  protons  and  alphas , S events  1ie'begweJn 4 and 57 ze l /nuc .  
S events ,   charac te r ized  by the  coincidence  condi t ion B1B2(SB o r  C4)C1G are 
analogous t o   t h e  S events ,   except   that   the   coincidence  condihon  includes 
t h e  term (SB o r  C ) which i s  i n c o r p o r a t e d   t o   r e j e c t  RTG-produced  Compton 
e lec t rons .   4 ra jec tory  2 i n   F i g u r e  A9-1 is  a typ ica l  S event.  The th icker  
dE/dx elements, B1 and B are less s u b j e c t   t o  Landau g luc tua t ions  a t  high 
energies   than  the  thinner  elements A1 and A2. On the  other  hand,  they  cause 
S2 events   to   have  a higher  threshold  energy  (18 MeV) than   the  S1 events   (4  MeV). 
Residual  energy  measurements are made i n  C +C +C f o r  S events.   For  protons 
and a lphas   the  S mode corresponds  to 18-76  MeVlnucleon? Electrons  between 
$3 and  12 MeV w i l l  a l s o   b e  measured i n   t h e  S2 mode. F ina l ly ,  P events  are 
events  which  penetrate  the  whole  telescope and sa t i s fy   the   co inc idence   condi -  
t i o n  BIB C I n   t h i s  mode de tec to r s  B C and C SC +C are pulse-height ana- 
lyzed.  $he P  mode extends  spectral  measurements $0 2508 MeV/nucleon  and a l s o  
a l lows   an   in tegra l  measurement  above th i s   ene rgy .   In   t he  P mode, because  of 
t h e  problem  of  knock-on e l ec t rons ,   t he  G de t ec to r  i s  not   used  to  reject  events ,  
b u t   t o   t a g  them. It may be  noted  in   Figure A9-2 t h a t   t h e  G de t ec to r  is i n   f a c t  
level d i sc r imina ted   a t   t h ree   d i f f e ren t   l eve l s ;   t h i s   p rov ides   an   add i t iona l  
precaut ion  against   cross- ta lk .  

2 

1 
2 

1 
4 

2' 

3 4  

1'  1' 1 
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I n   o r d e r   t o  accomodate the   very   l a rge   ranges   in   par t ic le   charge  
and  energy,   effect ive  e lectronic  dynamic ranges  of up t o  40,000 are required.  
This is  accomplished  using  4096-channel  pulse-height  analyzers and preampli- 
f i e r s   w i t h  two gain modes, high  gain and low ga in ,   d i f f e r ing   i n   ga in  by fac- 
t o r s  of 5 o r  10 (see  Figure A9-2). Nuclei  with  charge Z > 2 are analyzed 
in   bo th   ga in  modes. I n  low gain mode, however , protons and a lphas   a re   no t  
recognized as SI events ,   e lec t rons  and protons  are  not  recognized as S2 events 
and protons  are  excluded from P events.   Figure A9-2 shows t h a t   t h e r e   e x i s t  
s t o r a g e   r e g i s t e r s   f o r   s t o r i n g   p u l s e - h e i g h t   d a t a   f o r  SI, S2 and P events  
separa te ly .  A read-out  poll ing  device  samples  and  reads  out  data  for  each 
event  type  in  sequence,  skipping an event   type   on ly   i f  i t s  r e g i s t e r s  are 
empty. Combined wi th   t he  gain-mode s w i t c h i n g ,   t h i s   r e s u l t s   i n  a p r i o r i t y  
system  for  data  read-out.  

The excel lent   charge and i so top ic   r e so lu t ion   fo r  S2 events  is  d is -  
cussed  in Appendix A10. In  Table A9-1 w e  i l l u s t r a t e   t h e   c h a r g e  and i s o t o p i c  
r e s o l u t i o n   f o r  S1 events :  

TABLE A9-1: HET S1 RESOLUTION 

ISOTOPE ISOTOPE  SEPARATION CHARGE SEPARATION ENERGY 
(MeV/NUCLEON) (IN UNITS OF aA) (IN UNITS OF Oz> 

O I 6  2 . 1  15 69 
(mid-range) 

52 2 . 4  1 7  
(eqbt C1> 

Bel' 2.7 24 41 
(mid-range) 

Fe5 6.3 131 --- 
I , , (mid-range) 

Y 

We see t h a t   i s o t o p e s  may be  reasonably well resolved up through 
oxygen  and that   individual   charges   are   easi ly   resolved  through  i ron.   Iso-  
topes w i l l  no t   be   r e so lvab le   i n   t he  P  mode. 

Curves i l l u s t r a t i n g   t h e   r e s p o n s e  of HETS for   bo th  S1 and S2 events  
i n   t he   doub le  dE/dx  by E mode are shown in   F igu res  A9-3 and A9-4 (see Page 
A9-4). 
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APPENDIX A10 

DETECTOR RESOLUTION AND BACKGROUND 

I n   t h i s  appendix we descr ibe   the   cons idera t ions   necessary   to   ach ieve   the   h igh  
r e so lu t ion  and low background  required by our  experiments.   Resolution  in a 
pu lse-he ight   mat r ix   re fe rs   to   the   percehtage   wid th   o f   the   response   curve   for  
any  given  type  of  particle  and  thus i s  a measure  of  the a b i l i t y   t o   s e p a r a t e  
and   i den t i fy   d i f f e ren t   pa r t i c l e   t ypes .  By background i n  a pulse-height   matr ix  
we r e f e r   t o  any  dis t r ibut ion  of   events   which  contr ibutes   events   to   areas   of  
the  matr ix   where  ideal ly   there  would  be  no events .  Such a d i s t r i b u t i o n   a l s o  
adds  events  to  the  areas  of  ideal  response  which  are  thus  undistinguishable 
from the   des i r ed   even t s .   I n   gene ra l  one  must es t imate   the  number of  such 
events  and make  a background  subtraction. Such c o r r e c t i o n s ,   i f   s i g n i f i c a n t ,  
w i l l  be reduced i f   t h e   r e s o l u t i o n  i s  improved. 

Monoenergetic  particles  of  charge Z and  mass A en ter ing  a dE/dx x E te lescope 
give rise t o  Gauss ian   response   d i s t r ibu t ions   in   the  dE/dx  and E dimensions. 
The charge Z and  mass A are   funct ions  of   the  mean dE/dx  and E responses. Thus 
the  Gaussian  response  dis t r ibut ions  in   the dE/dx  and E dimensions  (with 
s tandard .devia t ions  OdE and  DE) give rise to   Gauss i an   d i s t r ibu t ions   i n   t he  

experimental  charge  and mass dimensions  (with  standard  deviations 0 2  and  OA). 

With  the  help  of  Goulding's  approximation (Range CT (-) i t  i s  s t r a i g h t -  
forward t o  demonstrate  that 

- 
dx 

A E y  
y2 A 

and 

OA 

where y N 1.77 f o r  
i n  %. (1) and (2)  

CT A 

S i l i c o n  and  the  standard  deviations  are  to  be  expressed 
imply 

(3) 

from  which it  i s  apparent   tha t   i so topes   a re  more d i f f i c u l t   t o   r e s o l v e   t h a n  
charges.  The separation  between  adjacent  charge (mass) peaks i n  % i s  given 

- x 100% (1. x 100%). 1 
Z A 

L e t  u s  now consider  the  factors  which  determine OdE and OE. We consider  

OdE f i r s t   s i n c e   f r e q u e n t l y  it dominates DE. Contr ibutors  to adE are 

- 
dx 

- 
dx - 

ax 
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non-un i fo rmi ty   o f   de t ec to r   t h i ckness ,   pa th   l eng th   d i s t r ibu t ion ,   p reampl i f i e r  
n o i s e ,  Landau s t a t i s t i c s ,  and d i g i t i z a t i o n   e r r o r .  

The amount  of  energy  deposited  by a p a r t i c l e   p e n e t r a t i n g   t h r o u g h  a 
detector   depends on t h e   l e n g t h   o f   t h e   p a r t i c l e   p a t h   i n   t h e   d e t e c t o r .  Thus  non- 
uni formi ty   o f   the   de tec tor   th ickness  w i l l  a f f e c t   t h e  amount  of energy  deposi ted 
i n   t h e   d e t e c t o r .   S i m i l a r l y ,   d i f f e r e n t   a n g l e s  of t h e   p a t h   w i t h   r e s p e c t   t o   t h e  
t e l e s c o p e   a x i s  w i l l  g i v e  rise t o   d i f f e r e n t   p a t h   l e n g t h s   a n d   t h u s   t o  a d i s -  
t r i b u t i o n  of   energy  losses .  The use   o f   cu rved   de t ec to r s   min imizes   t h i s   e f f ec t .  
The  optimum rad ius   o f   cu rva tu re  i s  obta ined   fo l lowing   Perk ins  e t  a l .  (1969). 
P r e a m p l i f i e r   n o i s e  is a cons t an t   con t r ibu to r   and  w i l l  be   impor tan t   p r imar i ly  
f o r   p r o t o n s .   D i g i t i z a t i o n   e r r o r s  are negl ig ib le .   For   example ,  w e  u se  4,000 
channe l   ana lyze r s   fo r   t he  HETS. F i n a l l y ,  Landau broadening  occurs   because  the 
energy lo.ss p rocess  i s  s u b j e c t  t o  s t a t i s t i ca l  f l u c t u a t i o n s ;   t h i s   e f f e c t  may 
b e   r e a d i l y   c a l c u l a t e d   ( e . g .  , Clark.e, 1971).  adE/dx i s  then  determined by 
quadra t i ca l ly   add ing   t he   s t anda rd   dev ia t ions   fo r   each  of t h e   a b o v e   e f f e c t s .  

OE i n  a s t a c k  of L i - d r i f t e d   s o l i d - s t a t e   d e t e c t o r s  as i n  HET arises 
f rom  preampl i f ie r   no ise   and   the   p resence   o f   so-ca l led   dead   layers .  The e f f e c t s  
of  such  layers  have  been  considered  by  Greiner  (1972) . We make d e l i b e r a t e  
e f f o r t s   t o   k e e p   t h e s e   l a y e r s  less than  801-1 t h i c k .  

As  an  example, w e  i n d i c a t e   i n   T a b l e  A10-1 the   expec ted   r e so lu t ion  
f o r   t h e  S2  mode of t h e  HET: 

TABLE A10-1: HET S2 USOUTTION 
2' 

Charge  Separat ion 
ISOTOPE (MeV/nucleon) ( i n   u n i t s   o f  OZ)  

l 6 O  19 153 
(end-point)  

106 20 
(mid-range) 

10 
Be 91 

(end-point)  
24 

I I 63 
(mid-range) 

29 

56 
Fe 8 295 I (end-point)  I 

I so tope   Sepa ra t ion  
( i n   u n i t s   o f  o ) 

2.6 

2.8 

2.7 

3.3 

1.1 
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The e n t r i e s   f o r  l 6 O  and ''Be i l l u s t r a t e   t h e   f a c t   t h a t   t h e   r e s o l u t i o n  improves 
with  decreasing  energy  as   the Landau f luc tua t ions   decrease .  We see   tha t   over  
the   fu l l   range   of   energ ies  and  up  through  the  isotopes  of  oxygen,  the  separ- 
a t i o n  between  isotopes i s  g rea t e r   t han  2.6 s tandard  deviat ions.  

Detector  background i s  predominantly  produced  by  particles  which  undergo  cat- 
as t rophic   nuc lear   in te rac t ions   wi th in   the   res idua l  E de tec tor .  Low-energy 
secondary  products  can be produced  which exit  through  the  dEIdx  elements  and 
masquerade a s  heavy p a r t i c l e s .  A redundant  dE/dx  measurement i s  an  extremely 
valuable  t o o l  i n   r e j e c t i n g   t h i s   k i n d   o f  background. Such slow moving second- 
ary  products   would,   in   general ,   not  be expected  to   produce  ident ical   outputs  
i n   t h e  dE/dx  elements  and  would  be  eliminated by the  appl icat ion  of  a con- 
s i s tency   c r i te r ion .   Evidence   in   suppor t   o f   th i s   conc lus ion  i s  shown in   F ig .  
A10-1. This i s  data  taken from the  Goddard - Univ.  of New Hampshire  cosmic 
ray  experiment on the  Pioneer  10 spacecraf t .  The pioneer 10 te lescope i s  
s i m i l a r   t o   t h e  MJS/MJU HET, wi th   the  one important  exception  that  no guard- 
r ing  detectors   were  used.  Background on Pioneer 10 i s  re jec ted   on ly  by the  
use-  of  double-dE/dx  and  range c r i t e r i a .  The da ta  shown i s  a plot   of  the 
output of the  front  element  vs.   the  output  of  the  stack. The prominent  line 
i s  due to   qu ie t - t ime  a lpha   par t ic les .  The s igna l - to-background  ra t io   in   th i s  
da ta  i s  remarkably  good. 3He and 4 He w i l l  be eas i ly   reso lvable .  Also the 
l ight   e lement   region  above  the  a lpha  l ine i s  almost  completely  background 
f r ee .  We emphasize  that  our MJS/MJU High-Energy  Telescope w i l l  be s i g n i f i -  
c a n t l y   b e t t e r   t h a n   t h i s  due to   t he   u se  of  guard r ing   de tec tors   (c f .   F ig .  A10-2). 

Background in   the   e lec t ron   response   reg ion   of   the  HET a r i s e s  due t o   t h e  
Radioactive  Thermonuclear  Generators (RTGs) on board.  This i s  d iscussed   in  
d e t a i l   i n  Appendix A 1 2 .  
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APPENDIX A l l  

INSTRUMENTATION 

A l l .  1 SYSTEM NOISE CONSIDERATIONS 

In  designing  the  detector   and  e lectronic   system  in   such an experiment, 
one i s  always  faced  with  situations  which  require  trade-offs  between  the  observed 
noise ,   the   shaping  time constants,   the  high-count-rate  performance and t h e  de- 
s i r ed   t h re sho ld   l eve l .  For  lowest  overall  noise  performance,  one would 
select unipolar  pulse  shaping and  dc  coupling  throughout. However, unipolar  
p u l s e   s h a p i n g   l e a d s   t o   s i g n i f i c a n t   b a s e l i n e   s h i f t  and t h e r e f o r e   d i s t o r t i o n  
at   h igh  count  rates, and  dc  coupling  leads t o   e q u a l l y  bad  compensation  and 
d r i f t  problems. One therefore   usua l ly   genera tes   b ipolar   pu lses   us ing   e i ther  
CR-CR shaping  or   delay  l ine  shaping.  

Delay l ine   shaping  i s  use fu l  where t h e   d e t e c t o r   s i g n a l  is  above the  
ampl i f ie r   no ise  and  where a l a rge  dynamic  range i s  not   requi red .  It i s  par- 
t i c u l a r l y   u s e f u l   f o r   t h e   s i g n a l   s h a p i n g   f o r   t h e   s e n s o r s   w i t h i n   t h e  MTA where 
the   pu lses  are cl ipped a t  150 ns .   In   the  case of t h e  HET, LET and ELET 
te lescopes ,   no ise  on s i g n a l   l i n e s  i s  often  dominated  by  amplifier  noise  due 
to   very   l a rge   de tec tor   capac i tance  (CD % 200 - 900 pf ) .   Addi t iona l ly ,  a l a rge  
l i n e a r  dynamic range  greater   than 4096 is  r e q u i r e d .   I n   t h i s   c a s e  w e  have 
chosen  pulse  shaping  consisting of   double   different ia t ion and in tegra t ion   wi th  
equal  time cons tan ts  of %lpsecu 

This lUsec tifie constant is longer   than  desired  for  optimum s igna l -  
to -noise   for   L i -dr i f ted   de tec tors ,   bu t   shor te r   than  optimum f o r   t h e   h i g h  
capac i t ance   su r f ace   ba r r i e r   de t ec to r s .  However, the  performance i s  more than 
adequate   in  a l l  cases, and a s ignif icant   advantage  resul ts   f rom  the  use of 
i d e n t i c a l  time constants   throughout .  It al lows  the  s tandardizat ion  of  cir-  
c u i t r y ,   t e s t i n g  and use  of  the  pulse-height  analyzer. 

A l l .  2 PULSE PILE-UP 

Owing t o   t h e  random r a t e   a t  which  charged  par t ic les   enter  a given 
de tec to r ,   t he re  is  always a f i n i t e   p o s s i b i l i t y   t h a t  two p a r t i c l e s  may e n t e r  
in   rap id   success ion .  The p robab i l i t y  i s  h igher  a t  higher  count rates,  ob- 
v ious ly ,  and is a major  concern i n   t h e   d e s i g n  of such  sensor  systems. 
Since  the  output   pulse   of  any amplif ier   has  a f i n i t e   d u r a t i o n ,   t h e r e  is  a 
p o s s i b i l i t y   t h a t  two pulses  w i l l  o v e r l i e  one  another  or  "pile-up."  In 
t h i s  case, the   th reshold   c i rcu i t   o r   pu lse-he ight   ana lyzer  w i l l  no t  see t h e  
pulses  a t  t h e i r   t r u e   h e i g h t .  To minimize  these  effects ,   the   output   pulse  
should  be as shor t  as poss ib l e  and r e t u r n   t o   z e r o  as soon  as   possible .  
As  po in ted   ou t   in   Sec t ion  A l l . l  of t h i s   append ix ,   t h i s  was a major  design 
d r i v e r   i n   s e l e c t i n g   b i p o l a r   p u l s e   s h a p i n g   w i t h   f a s t  time cons tan t s   fo r   t he  
MTA. 
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I n  ca lcu la t ing   n- fo ld   p i le -up  rates, the  fol lowing  formula  by 
F i l l i u s  (1963) is used: 

where Rn is t h e  rate at  which  n-fold  pile-ups are occurr ing  and T i s  t h e  
r e s o l v i n g  time. I n   a d d i t i o n   t o   t h e   s p e c t r a l   d i s t o r t i o n   d i s c u s s e d   i n   t h e  
previous  paragraph,   one  has   to   be  concerned  about   the  individual  rates used 
f o r   n o r m a l i z i n g   t h e   s p e c t r a .  Many times i n  any such  experiment   the T of 
the   shap ing   c i r cu i t   de t e rmines   t he   pu l se   p i l e -up ,   bu t   t he   dead  time of t h e  
t h r e s h o l d   c i r c u i t  limits the   apparent   count  rate. One h a s   t o   t a k e   g r e a t  
care in   the   des ign   of   such   sys tems,   therefore ,  when one   expec t s   t o   ope ra t e  
a t  high  count rates. 

A l l .  3 REDUNDANCY AND RELIABILITY 

1 n . t h e  main  proposal ,  we have  developed  our   reasoning  for   deciding 
t o   u s e   m u l t i p l e   s e n s o r s   i n   o r d e r   t o   m e a s u r e   t h e   p a r t i c l e   d i s t r i b u t i o n s   a n d  
a n i s o t r o p i e s .  Phenomena were seen a t  J u p i t e r  by the   P ionee r  10/11 experiments 
which  had time scales 3 t h e   s p a c e c r a f t   s p i n   p e r i o d  of 1 2  seconds. It is 
p h y s i c a l l y   i m p o r t a n t   t o  know t h a t   t h e s e  phenomena are occurr ing;   and  we 
f e e l   t h a t   m u l t i p l e   d e t e c t o r s   v i e w i n g   d i f f e r e n t   d i r e c t i o n s  and  simultaneously 
r e c o r d i n g   t h e   d a t a  on time scales 5 6 seconds are necessa ry .   I f   t he   des ign  
sha res   one   coun t ing   r eg i s t e r  amongst several d e t e c t o r s ,   t h i s   c a n   l e a d   t o  
ambigui ty   between  temporal   changes  and  anisotropies .   I f   one  uses  a s e n s o r  
mounted  on a m e c h a n i c a l l r o t a t i o n   d e v i c e ,  i t  must cyc le   very   rap id ly   and  re- 
l i a b l y   f o r  many yea r s .   Th i s  is a major   disadvantage  for   the  approach  using 
t h e   r o t a t i o n   d e v i c e .  Such electromechanical   devices   have  in   general   proven 
t o   b e   f a r  less r e l i a b l e   t h a n   c o n v e n t i o n a l   e l e c t r o n i c s   s y s t e m s .  

Our chosen  approach, o n  t he   o the r   hand ,   has   t he   advan tage  of re- 
dundancy.  The d i r e c t i o n a l   t e l e s c o p e s   o f  MTA and LETS have  &fold  redundancy 
whi l e   t hose  of HET and ELET have  effect ively  2-fold  redundancy.   Should a 
problem  occuk i n   t h e  64- y e a r s   o f   f l i g h t  time, t h e r e  are several o p t i o n s   a v a i l -  
a b l e  by command. An e n t i r e   t e l e s c o p e   c a n   b e   s h u t  down, o r   a n   i n d i v i d u a l  
d e t e c t o r   c a n   b e  removed  from  the set by commanding o f f  i t s  p r e a m p l i f i e r ( s ) .  
I n  many cases w e  are a b l e   t o   r e p r o g r a m   t h e   l o g i c   e q u a t i o n   f o r   t h e   p h a  con- 
d i t i o n s  and  the  corresponding rates. Addit ional ly ,   the   experiment   and  space-  
c r a f t   d a t a   s y s t e m s  are ve ry   f l ex ib l e   and   a l low a wide   va r i e ty  of da t a   fo rma t s ,  
mixtures  of pha  and rate d a t a   a n d   b i t  rates. The da ta   sys t em  des ign   a l so  
emphasizes many p a r a l l e l   p a t h s   a n d  a ve ry  minimum of   shared   pa ths .  

$ 
I) 

A l l .  4 PARTS, FABRICATION AND RADIATION DAMAGE 

The pa r t s   and   pa r t s   p rog ram  p roposed   fo r   t h i s   p rog ram  p rov ide   ou r  
c o n v e n t i o n a l   h i g h - r e l i a b i l i t y  items which w e  have  used  for   both  Pioneer  10/11 
and MJS. Extensive t e s t i n g  and ana lys i s   by   bo th   JPL  and   the  MJS experiment 
team have shown t h a t   t h e  mos t   r ad ia t ion - sens i t i ve   pa r t s   w i th in   t he   expe r imen t  

All-2 



are the  JPL-supplied CMOS p a r t s  which are i n  a l l  experiments  and  subsystems. 
We are j u s t  now rece iv ing   these   par t s ,   bu t   they   appear   to   a l low a substan- 
t i a l  margin  against   the   worst-case  radiat ion a t  J u p i t e r .  I n   a d d i t i o n   t o   t h e  
CMOS, this   experiment  makes l a rge   u se  of a custom-designed LSI PMOS c i r c u i t  
(AMI 1375)  known a f f e c t i o n a t e l y  as a "Mars bug."  This  device  has a radia- 
t ion   to le rance   o f  Q600 K r a d s ,   s u p e r i o r   t o   t h e  CMOS and well in  excess  of 
the  expected  dose a t  J u p i t e r  of %100-150 K rads.   Additionally,  the mechanical 
design  of  the  experiment  provides  for mounting the  data  systems  "inside" 
the   o ther   e lec t ronic   sys tems,   p rovid ing  much more shielding  than  expected 
from  the  s idewalls ,  honeycomb p l a t e  and thermal  blankets  themselves. 

Although many of this   experiment 's  % l O O , O O O  t r a n s i s t o r s  are i n  
the  L S I  c i rcu i t ry   wi th in   the   da ta   sys tems,  a huge number of d i s c r e t e  com- 
ponents are packaged i n  a re la t ively-small  amount of  weight i n   t h e  preamp- 
l i f i e r s ,   a m p l i f i e r s ,   p u l s e   l o g i c  and  pulse-height  analysfs  systems. Most 
o f   t h i s   c i r c u i t r y  i s  packaged i n  a hybrid  form  using  semiconductors  in small 
ceramic  packages  which i n   t u r n  are mounted on ceramic s u b s t r a t e s  which include 
the   conductors ,   res i s tors ,   e tc .   This   t echniqe  i s  well proven,  having  been 
used  for   Pioneer  lO/ll, IMP H / J ,  Helios A/B and MJS. 

A l l .  5 POWER SUMMARY 

HET/LET preamplif ier /amplif ier  
HET PHA System 
LET PHA System 
MTA System 
ELET System ,. 
Data System 
Detector Bias Supplies 

Raw Power @ 78% Efficiency:  

A l l .  6 WEIGHT SUMMARY 

HET and  preamp/amps 
LET and preamp/amps 
ELET and e l e c t r o n i c s  
MTA sensors  
MTA e l e c t r o n i c s  
HETS pha  system 
LETS pha  system 
Data system  with  shielding 
Power Supply 
Mechanical  system 
Interconnect 

1.02 watts 
.39 
.46 

2.30 
.28 
.65 
.25 

5.35 watts 

6.8 watts 

49 4 
488 
300 
400 

1300 
643 
864 

1082 
300 
866 
370 

TOTAL: 7102 grams 
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All. 7 MOUNTING 

The package  mounts on t h e   s p a c e c r a f t   i n   e x a c t l y   t h e  same f a sh ion  
as t h e  CRS experiment  on MJS. 

Re fe rence :   F i l l i u s ,  R.W., Univers i ty  of Iowa P r e p r i n t  63-26, August 1963. 

F 
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APPENDIX  A12 

RTG 7-RAY BACKGROUND 

The proposed HET te lescope   covers   the   d i f fe ren t ia l   energy  spectrum 
of  electrons  in  the  nominal  energy  range  of - 2 - 10 MeV, The HET, l ike  any 
e l ec t ron   s enso r   i n   t h i s   ene rgy   r ange ,  i s  s ign i f i can t ly   a f f ec t ed   by  a background 
due to   in tense   y - ray   f luxes  from the  RTG spacecraf t  power source.  We have 
s tudied   the  RTG induced  electron  background by computer  modeling,  and we have 
v e r i f i e d   t h e   r e s u l t s   d i r e c t l y  by comparison  with  this   group 's   e lectron  detectors  
on  the  Pioneer 10 & 11 missions.  We a r e   s a t i s f i e d   t h a t  we understand  the RTG 
e f f e c t s ,  which i n   e f f e c t  set in tens i ty   th resholds   for   the  measurement  of  primary 
e l ec t ron   f l uxes .  

The RTG y-ray  induced  background i n  HET is  due t o  Compton e l ec t rons  
produced by y - r a y s   i n   t h e   s o l i d   s t a t e  
detectors   of   the   te lescope  (Figure 
A12-1).  For  example, a  Compton 
e l e c t r o n  produced i n   d e t e c t o r  C4 wi th  
su f f i c i en t   ene rgy  and  the  proper 
t ra jec tory   could   pene t ra te  B2 and 
depos i t   the   cor rec t  amount of  energy 
i n  B 1  and C4 t o  s a t i s f y   t h e .  t r i p l e  
coincidence  requirement B1*B2*C4 
wi th   t he   co r rec t   e l ec t ron   s igna tu re .  
S imi la r ly ,  Compton e l ec t rons  produced 
i n  C 3  and C 2  may p e n e t r a t e   t o  B 1  t o  
cause  4-fold  or   5-fold  coincidences 
respec t ive ly .  l i  

As a n   i l l u s t r a t i v e  example; 
w e  s h a l l   a n a l y z e   t h e   e f f e c t s   o f  RTG 
produced f r ee   f i e ld   y - r ays  upon the 
CRS HET t e l e s c o p e   ( i d e n t i c a l   t o   t h e  
HET proposed  for MJU) on  the MJS77 
mission. The  MJS77 RTG y-ray 
spectrum a t  HET is shown in   F igu re  
A12-2. Using t h i s   y - r a y  spectrum 
and  the known Compton cross-sec t ions ,  
we have ca lcu la ted   the  Compton 
e l e c t r o n   p r o d u c t i o n   i n   t h e  HET de t ec to r  
m a t e r i a l   ( S i ) ,   a s  shown in   F igu re  
A12-3. Note, t h a t   t h e  Compton e l e c t r o n  
spectrum  above - 2 . 3  MeV drops  by - 3 
orders  of  magnitude,  due to   t he   co r -  
responding   drop   in   the   y - ray   in tens i ty  
above  the  2.6 MeV TJ2081ine.  Clearly, 
the  RTG background i s  most s ign i f i can t   F igu re  A12-1 
a t  lower energ ies .  

- E, - 8 CM28 2 MM 

I 
HIGH ENERGY TELESCOPE  (HETI 

We have  calculated  the  expected HET 3 ,  4,  and  5-fold Compton e l e c t r o n  
co inc idence   ra tes  as follows: 
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Rate  (Bl*B2*Ci) = 

V X d E  $1 Mei 

Emin 

where 
i = 4 ,  3 ,  o r  2 co r re sponds   t o  3 ,  4 ,  or   5 - fo l  3ence s 

- .  

Emin = approximate minimum e l e c t r o n   k i n e t i c   e n e r g y   r e q u i r e d  

Emax = 7 MeV, the   upper  l i m i t  of   the  Compton e lec t ron   spec t rum 
d J  - = Compton e lec t ron   in tens i ty   (e lec t rons /MeV  sec   g )   f rom dE 

Mci = 12.5  grams,  the mass of a C de tec tor   e lement  
P ( i )  = p r o b a b i l i t y   o f  Compton e l ec t rons   p roduced   i n   t he   de t ec to r  

wi th   energy  > Emin sa t i s fy ing   the   co inc idence   requi rement  

f o r  a B1.  . . C i  even t  

Figure 3 

F o r   s i m p l i c i t y ,  we have  assumed (1) t h a t   t h e   a n g u l a r   d i s t r i b u t i o n  of 
Compton e l e c t r o n s  i s  t h a t   o f  a un i fo rm  d i s t r ibu t ion   o f   po in t   sou rces ,   (2 )   t ha t  
a l l  e l e c t r o n s  follow s t r a i g h t   l i n e   t r a j e c t o r i e s ,   a n d  (3) t h a t   a l l   e l e c t r o n s  
w i t h  E > Emin a n d   h a v i n g   t r a j e c t o r i e s   t h a t   i n t e r s e c t  B 1  s a t i s f y   t h e   c o i n c i d e n c e  
r equ i r emen t s .   In   t h i s   mode l ,   P ( i )   depends   on ly  on  geometry  and i s  de r ived  from 
a Monte C a r l o   c a l c u l a t i o n .  

Table  Al2-1 l i s t s  the   r e l evan t   pa rame te r s   fo r   equa t ion  (1) as a p p l i c a b l e  
t o  HET, a n d   t h e   c a l c d a t e d  RTG-y-ray induced  background  e lectron  count   ra tes  
f o r   t h e   t h r e e  HET coinc idence   condi t ions .  

TABU A12-1: RTG-?-Ray E l e c t r o n s   i n  HET 
~~ ~ 

2' 

Coincidence  type Emi n li [i", g ] P Rate 

Emi n 
(MeV 1 (e/g sec ) (e/sec) 

3 - f d  d 1.8 2.2 0.013 0.37 
9 

4- fo ld  3.6 2.8 x 0.01 1 3.9 x 

5 - f d  d 5.4 9.8 x 0.009 1.1 x 

The v a l i d i t y   o f   t h i s   c a l c u l a t i o n   h a s   b e e n   v e r i f i e d   a g a i n s t  an e m p i r i c a l  
der ivat ion  of   e lectron  background  based  upon  the  behaviour  of similar te le -  
scopes  of   this   group  on  the  Pioneer  10 (with RTG) and  the  Helios  (no RTG) 
spacec ra f t .   Th i s   compara t ive   s tudy   p red ic t s ,   e .g . ,  a 3- fo ld   co inc idence  ra te  
f o r  HET of - 0.44/sec,  compared to   t he   r e su l t   o f   0 .37 / sec   f rom  the   compute r  
model   ca lcu la t ion .  

The ra tes   f rom  Table  A12-1 have  been  converted t o   e q u i v a l e n t   e l e c t r o n  
i n t e n s i t i e s   a n d   a r e   p l o t t e d   i n   F i g u r e  A12-4 a s  a histogram  over  the  nominal 
energy  range  of HET. Figure A12-4 a l so   shows,   for   compar ison ,   typ ica l   qu ie t -  
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t ime  e lec t ron   spec t ra   observed   near  1 AU (Hurford, G. J., R.  A. Mewaldt, E .  C .  
Stone,  and R. E .  Vogt, Ap. J. 192, 54,  1974;  Simnett ,  G. M. and F. B. McDonald, 
Ap. J. 157, 1435, 1969) .   In   add i t ion ,   F igu re  A12-4 a l s o  shows  a t y p i c a l   i n t e r -  
p lane tary   e lec t ron   spec t rum  dur ing  a period  of  enhanced  intensity  measured 
nea r  5 AU on  Pioneer LO (Teegarden, B. J., F, B. McDonald, J. H. Tra inor ,  
W.  R. Webber,  and E .  C .  Roelof ,  JGR 79 ,  3615,   1974) ,   typical   quiet- t ime  increases  
nea r  1 AU (McDonald, F. B . ,  T. L. Cl ine,   and G. M. Simnet t ,  JGR 77, 2213,  1972; 
Mewaldt, R. A , ,  E. C. Stone  and R.  E .  Vogt,   Proc.   14th  Int .   Cosmic Ray Conf., 
Munich, OG 10-3 ,   1975) ,   and   a   representa t ive   so la r   f la re   e lec t ron   spec t rum 
observed   wi th   Cal tech ' s  E I S  on IMP-7. 

A t  e n e r g i e s  E < 5 MeV, the  RTG background  dominates  the 1 AU q u i e t -  
t ime  e lec t ron   spec t rum,   bu t   no t   the   e lec t ron   increases  3 0.2/cm2  sec sr MeV 
a s   t y p i c a l   f o r   q u i e t - t i m e   i n c r e a s e s  o r  s o l a r   f l a r e   e l e c t r o n s   ( s e e   F i g u r e  A12-4). 
A t  h i g h e r   e n e r g i e s ,   t h e  RTG background i s  smaller   than  even  the 1 AU q u i e t -  
time minimum e l e c t r o n   i n t e n s i t i e s ,   a l l o w i n g   t h e i r   o b s e r v a t i o n   e s s e n t i a l l y   a t  
a l l  times. 

Fur ther   reduct ions   o f   the  RTG electron  background  could  occur   on 
MJU79 f rom  a   conce ivab le   mod i f i ca t ion   o f   t he   r e spec t ive   o r i en ta t ion  of  RTG 
and HET o r  f rom  changes  in   the RTG fuel.   Other  improvements,   e.g. ,  from HET 
sh ie ld ing ,   the   in t roduct ion   of   gas   Cerenkov  counters  o r  t ime   o f   f l i gh t   f ea tu re s  
would   be   ex t remely   cos t ly   in   t e rms   of   weight   and   re l iab i l i ty ,   and   less   e f fec t ive  
t h a n   a t   h i g h e r   e n e r g i e s  (due t o  s c a t t e r i n g ) ,  and t h e r e f o r e   d i f f i c u l t  t o  j u s t i f y  
f o r  a weight - l imi ted ,   long   dura t ion   miss ion   such   as  MJU79. 
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1974. 
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